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REMARKS 

Upon entry of this amendment, claims 1-29 are pending. Claims 30-33 are canceled. 
Claims 1, 13-24, and 26-29 have been amended. Applicants respectfully submit that the 
amendments do not introduce new matter and are made without any intention to abandon the 
subject matter as filed, but with the intention that claims of the same, greater, or lesser scope 
may be filed in a continuing application. 

Rejections Under 35 U.S.C. 8112. First Paragraph 

The Examiner rejected claims 19-21 under 35 U.S.C. §112, first paragraph, contending 
that they contain subject matter that was not described in the Specification in such a way as to 
reasonably convey to one skilled in the art that the inventors had possession of the claimed 
invention at the time the application was filed. AppUcants traverse the rejection to the extent it 
is maintained over the claims as amended. 

Applicants submit that their specification provides support for a component that 
associates with an RNP complex if it associates with a Kd of about 10*^ to about 10"^, about 10"^ 
to about 10'^, and about 10'^ to about 10'^ in paragraph 44 of the Specification. Applicants 
submit that they do not require drawings of such structures for binding and that the dissociation 
constant Kd of such interactions is well known in the art or is easily determined by a skilled 
artisan. For example, Applicants submit herewith a number of references that predate the filing 
date of the instant appUcation that indicate that binding assays for determining Kd of RNA 
binding proteins were well known in the art and that a skilled artisan would be well aware of the 
Kd between an RNP complex and its components. 

For example: 

"FMRl Protein: Conserved RNP Family Domains and Selective RNA Binding" Ashley et al. 
(1993) Science 262:563-66: Columns 2 on page 565 describes the Kd for FMRl mRNA of 
between about 5.7nM and 39 nM, (Exhibit A). 
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"AUFl Binding Affinity to A+U-rich Elements Correlates with Rapid mRNA Degradation" 
DeMaria at al. (1996) J. Biol. Chem. 271:12174-84: Columns 1 on page 12181 describes the Kd 
for RB and (AUUU)5 of about 210±50 nM to 19±7nM. (Exhibit B). 

"The Neuronal RNA Binding Protein Nova-1 Recognizes Specific RNA Targets in Vitro and In 
Vivo": Buckanovich et al. (1997) Mol. Cellul. Biol. 17:3194-3201: Column 1 of page 3196 
describes the Kd for NFP for SB2 to about 2 to about 20nM and the Kd of N3 for SB2 is about 
10 to about 180 nM. (Exhibit C). 

"The Determinants of RNA-binding Specificity of the Heterogeneous Nuclear 
Ribonucleoprotein C Proteins" Gorlach et al. (1994) J. Biol. Chem. 269:23074-78: This article 
describes a number of Kd measurements, for example, on page 23076 colimm 2, the Kd of 
U2AF for different 3' splice site regions is 10"* to 10"^; on page 23077 the Kd of hnRNPCl 
for CB2 is 1 70 nM. (Exhibit D). 

"Binding Protein: Localization, Abundance, and RNA-Binding Specificity" GOrlach et al. 
(1994) Exp. Cell Res. 211 :400-407: This abstract describes that hPABP binds to oUgo(rA)-rich 
sequences with a Kd of 7nM. (Exhibit E). 

"Wheat Germ Poly(A) Binding Protein Enhances the Binding Affinity of Evikaryotic Initiation 
Factor 4F and (iso)4F for Cap Analogues" Wei et al. (1998) Biochem. 37:1910-16: Column 1 
of page 1912 showed the Kd for various cap associated proteins for PABP to be between 15nM 
and 40nM. (Exhibit F). 

Given that the Uterature clearly documented the Kds of RNA binding proteins at the 

filing date of this application and methods of easily determining same, AppUcants respectfully 
request that the rejection be reconsidered and withdrawn. 

Rejections Under 35 U.S.C. S102 

The Examiner rejected claims 1, 2, 8, 1 1-14, 17, 26, and 29 under 35 U.S.C. §102(b) as 
being anticipated by Allen et al. (1998) Mol. Cellul. Biol. 18:6014-6022 ("Allen"). Applicants 
traverse the rejection to the extent it is maintained over the claims as amended. 
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Applicants submit that Allen does not describe contacting a sample comprising a 
plurality of RNA-protein complex with at least one ligand and separating a pluraUty of RNP 
complexes by binding the ligand with a binding molecule specific for the ligand, wherein the 
binding molecule is attached to a solid support, collecting the RNP complexes by removing the 
RNP complexes from the solid support, and identifying the plurality of RNAs or other 
components associated with the RNP complexes. Allen describes immunoprecipitation of 
mRNPs using MAbs followed by either elution of proteins and protein analysis or by RNA 
analysis. Allen does not disclose collecting a plurahty of RNP complexes by removing RNP 
complexes from a solid support. Allen also does not disclose identifying a plurality of RNAs or 
other components associated with the RNP complexes. Because Allen does not identically 
disclose Applicants' claimed invention, Applicants respectfiiUy submit that Allen is not a proper 
reference under 35 U.S.C. §102(b). Applicants respectfully request reconsideration and 
withdrawal of the rejection. 

The Examiner rejected claims 1, 2, 5-8, 12-15, 17, 25, and 26 under 35 U.S.C. §102(a) 
as being anticipated by Antic et al. (1999) Genes & Development 13:449-461 ("Antic"). 
Applicants traverse the rejection to the extent it is maintained over the claims as amended. 

Applicants submit that Antic does not describe contacting a sample comprising a 
plurality of RNA-protein complexes with at least one ligand and separating the RNP complexes 
by binding the ligand with a binding molecule specific for the ligand, wherein the binding 
molecule is attached to a solid support, collecting the RNP complexes by removing the RNP 
complexes from the solid support, and identifying the plurality of RNAs or other components 
associated with the RNP complexes. Antic describes immunoprecipitation of mRNPs using an 
antibody to Hel-Nl protein followed by either protein analysis or RNA analysis. Antic does not 
disclose collecting a plurality of RNP complexes by removing an RNP complexes from a solid 
support. Antic also does not disclose identifying the plurality of RNAs or other components 
associated with the RNP complexes. Because Antic does not identically disclose Applicants' 
claimed invention. Applicants respectfully submit that Antic is not a proper reference under 35 
U.S.C. § 102(a). Applicants respectfiiUy request reconsideration and withdrawal of the rejection. 
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The Examiner rejected claims 1, 2, 8, 12-14, 17, 26, and 27 under 35 U.S.C. §102(a) as 
being anticipated by Reim et al. (1999) Exp. Cell Res, 253:573-86 ("Reim"). Applicants 
traverse the rejection to the extent it is maintained over the claims as amended. 

Applicants submit that Reim does not describe contacting sample comprising a plurality 
of RNA-protein complexes with at least one ligand and separating the RNP complexes by 
binding the ligand with a binding molecule specific for the ligand, wherein the binding 
molecule is attached to a soHd support, collecting the RNP complexes by removing the RNP 
complexes from the solid support, and identifying the plurality of RNAs or other components 
associated with the RNP complexes. Reim describes immunoprecipitation of NonA protein 
followed by either elution of the immunocomplexes for protein analysis or elution of the 
immunocomplexes for RNA analysis. Reim does not disclose collecting a plurality of RNP 
complexes by removing an RNP complex from a solid support. Reim also does not disclose 
identifying the plurality of RNAs or other components associated with the RNP complexes. 
Because Reim does not identically disclose Applicants' claimed invention. Applicants 
respectfully submit that Reim is not a proper reference under 35 U.S.C. § 102(b). Applicants 
respectfully request reconsideration and withdrawal of the rejection. 

The Examiner rejected claims 1-9, 13-17, 23, and 25-28 under 35 U.S.C. § 102(b) as 
being anticipated by Keene et al. (U.S. Patent No. 5,773,246) ("Keene"). Applicants traverse 
the rejection to the extent it is maintained over the claims as amended. 

Keene does not describe contacting a sample comprising a plurality of RNA-protein 
complexes with at least one ligand and separating the RNP complexes by binding the ligand with 
a binding molecule specific for the ligand, wherein the binding molecule is attached to a solid 
support, collecting the RNP complexes by removing the RNP complexes from the solid support, 
and identifying the plurality of RNAs or other components associated with the RNP complexes. 
For example, column 24, lines 34-63 of Keene describes the binding of an RBP, Hel-Nl protein, 
to anti-glO antibody and immimoprecipitation, followed by the addition of labeled RNA 
transcripts and isolation of RNAs that bind to the RBP. In that disclosure, an RBP was 
immunoprecipitated (column 24, line 41), not an mRNP complex. In the Hela experiments 
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described in column 24, lines 54-63, Applicants submit that Hela nuclear extracts were used to 
make labeled proteins. Column 27, line 27 through column 28, line 20, which was cited by the 
Examiner, describes immunoprecipitation of RNPs using an anti-Hel-Nl antibody followed by 
extraction of RNA. Keene does not disclose collecting a plurality of RNP complexes by 
removing the RNP complexes from a solid support. Keene also does not disclose identifying the 
plurality of RNAs or other components associated with the RNP complexes. Because the Keene 
patent does not identically disclose Applicants' claimed invention, Applicants respectfully 
submit that Keene is not a proper reference under 35 U.S.C. §102(b). Applicants therefore 
respectfully request that the rejection be reconsidered and withdrawn. 

The Examiner rejected claims 1-6, 12-15, 17, and 26 under 35 U.S.C. §102(b) as being 
anticipated by Buckanovich et al. (1997) Mol. and Cellul. Biol. 17(6): 3 194-3201 
("Buckanovich"). Applicants traverse the rejection to the extent it is maintained over the claims 
as amended. 

Buckanovich does not describe contacting a sample comprising a plurality of RNA- 
protein complexes with at least one ligand and separating the RNP complexes by binding the 
Ugand with a binding molecule specific for the ligand, wherein the binding molecule is attached 
to a sohd support, collecting the RNP complexes by removing the RNP complexes from the 
solid support, and identifying the plurality of RNAs or other components associated with the 
RNP complexes. Buckanovich discloses immunoprecipitation of mRNPs from mouse brains 
followed by mRNA preparation and characterization by RT-PCR. Buckanovich does not 
disclose collecting a plurality of RNP complexes by removing the RNP complexes from a solid 
support. Buckanovich also does not disclose identifying the plurality of RNAs or other 
components associated with the RNP complexes. Because Buckanovich does not identically 
disclose Applicants' claimed invention, Applicants respectfully submit that Buckanovich is not 
a proper reference under 35 U.S.C. § 102(b). Applicants therefore respectfully request that the 
rejection be reconsidered and withdrawn. 
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The Examiner rejected claims 1, 2, 8, 10, 18, and 26 under 35 U.S.C. §102(a) as being 
anticipated by Takeda et al. (1999) J. Immunol. 163:6269-6274 ("Takeda"). Applicants traverse 
the rejection to the extent it is maintained over the claims as amended. 

Takeda does not describe contacting a sample comprising a plurality of RNA-protein 
complex with at least one ligand and separating the RNP complexes by binding the ligand v^ith 
a binding molecule specific for the ligand, wherein the binding molecule is attached to a solid 
support, collecting the RNP complexes by removing the RNP complexes from the solid support, 
and identifying the plurality of RNAs or other components associated with the RNP complexes. 
Takeda discloses immunoprecipitation and analysis of proteins or RNAs from Hela cell 
extracts. Takeda does not disclose collecting a plurality of RNP complexes by removing the 
RNP complexes from a solid support. Takeda also does not disclose identifying the plurality of 
RNAs or other components associated with the RNP complexes. Because Takeda does not 
identically disclose Applicants' claimed invention, Applicants respectfully submit that Takeda 
is not a proper reference under 35 U.S.C. sec. 102(a). Applicants therefore respectfully request 
that the rejection be reconsidered and withdrawn. 



Applicants respectfully urge that all claims are in condition for allowance and request 
prompt and favorable action on the instant application. If the Examiner believes that a 
telephonic interview with the undersigned would expedite prosecution of this application, the 
Examiner is cordially invited to call the undersigned at (617) 338-2952. 



CONCLUSION 



Respectfully submitted. 



Date: December 28, 2005 
Reg. No. 43,153 




Tel. No. (617) 338-2952 
Fax No. (617) 338-2880 



Diana M. Steel, D. Phil. 
Attorney for Applicants 



Sullivan & Worcester LLP 



One Post Office Square 
Boston, MA 02109 
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FMR1 Protein: Conserved RNP Family Domains 
and Selective RNA Binding 

Claude T. Ashley Jr., Keith D. Wilkinson, Daniel Reines, 
Stephen T. Warren* 

Fragile X syndrome is tlie result of transcriptional suppression of the gene FMR1 as a 
result of a trinucleotide repeat expansion mutation. The normal function of the FMR1 
protein (FMRP) and the mechanism by which Its absence leads to mental retardation 
are unknown. RIbonucleoprotein particle (RNP) domains were identified within FMRP, 
and RNA was shown to bind in stoichiometric ratios, which suggests that there are two 
RNA binding sites per FMRP molecule. FMRP was able to bind to Its own message with 
high affinity (dissociation constant = 5.7 nM) and interacted with approximately 4 percent 
of human fetal brain messages. The absence of the normal interaction of FMRP with a 
subset of RNA molecules might result in the pleiotropic phenotypa associated with fragile 
X syndrome. 



Fragile X syndrome is an X-linked domi- 
nant disorder with reduced penetrance that 
occurs at a frequency of approximately 0.5 
to l.O per 1000 males and 0.2 to 0.6 per 
1000 females (1). Fully penetrant males 
exhibit moderate mental retardation along 
with a phenotype consisting of macro- 
orchidism (enlarged testes), subtle facial 
dysmorphia, and mild corLnective tissue 
abnormalities (2) . Female patients typically 
are less severely affected, showing little or 
no somatic signs and only borderline to 
mild mental retardation. The molecular 
basis of fragile X syndrome has been attrib- 
uted to the expansion of an unstable CGG 
crlnucleoude repeat in the 5' untranslated 
region of the gene FMRl (3, 4). 

In fragile X syndrome, when che size of 
the CGG repeat is in the affected range 
beyond 230 repeats, the FUR I gene is meth- 
ylated; this methylation results in transcrip- 
tional silencing (5). The absence of FMRl 
message and its encoded protein, FMRP, is 
believed responsible for the phenotype of the 
fragile X syndrome. In addition to the com- 
mon mutational change of repeat expansion, 
three variant patients with che clinical pre- 
sentation of fragile X syndrome have been 
reported: two males with large deletions 
encompassing the FMRl locus and a severe- 
!y affected male with a FMRI lle^°*-^Asn 
missense mutation (6). 
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Alternative splicing generates several 
isoforms of FMRP with a major species of 69 
kD (7). Although predominantly cytoplas- 
mic, occasional nuclear localization is ob- 
served (S) . In situ hybridization with FMRI 
mRNA reveab widespread but not ubiqui- 
tous expression with abundant message pres- 
ent in the testes and in neurons in the brain 
(9). 

Initial analyses of FMRI and the pre- 



dicted protein sequence revealed little se- 
quence similarity to known proteins or mo- 
tifs. Further analyses of the human and 
mouse genes, particularly with the use of 
searches of limited regions of ZOO to 400 
amino acids in length, revealed two similar 
regions of FMRP that also were similar to 6 
repetitive domains in the yeast protein HX 
and 14 domains of the chicken gene vigiUin 
(VIG) (fO), Alignments of these amino 
acid sequences and a resulting profile search 
revealed a number of proteins containing I 
to 14 repeats of an uninterrupted, 30- 
amino acid domain (Fig. lA). Proteirw 
containing this domain, termed KH do- 
mains, are believed to constitute a ribonu- 
cleoprotein (RNP) family (M) that in- 
cludes met I. a yeast protein involved in 
meiosis-specific alternacive splicing (12); 
bacterial polynucleotide phosphotylase, 
which binds RNA and has phosphorolysis 
activity (13), and the highly conserved 
ribosomal protein S3 (RP S3) (N). Thus, 
most functional aspects of RNA-protein 
interactions are represented among KH 
domain-containing proteins, including 
RNA catalysis, message processing, and 
translation. 

The two KH domains of FMRP reside in 
the middle of the protein (Fig. IB)» a 
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Fig. 1 , Location and ho- 
mologies of FINP family 
domains in FMRP. (A) 
Alignment {27) of the 
amino acid sequences 
that make up the KH 
domains of FMRP and 
several other proteins 
and the corresponding 
consensus sequence, 
fviumbers in parenthe- 
ses indicate the partic- 
ular domain shown for 
the proteins that have 
multiple KH domains, 
and the numlDer pre- 
ceding the first residue 
indicates that position 
in the corresponding 
protein. Dark highlight- 
ing indicates similari- ,. . .w i^u 
ties among all proteins, whereas stippled highlighting indicates similarity between Ihe two KH 
domains of FMRP. BoWface residues show the positions of polar amino ackJs, mdjcated by f in the 
consensus sequence. The bracketed lysine (K) residues indicate this amino acid at either position 
in the domain. The position of the isoleucine-to-asparagrne mutation at position 304 0^-»N) in a 
patient {6] is indicated at the bottom. (B) Diagram of FMRP (residue numbers are as descnbed (7)1, 
The CGG repeat and Initiating codon {W) are indicated as rs each KH domain, labeled 1 and 2. AJso 
shown Is the amino acid sequence with the two RGG box domains highlighted. Abbreviations for the 
amino acid residues are: A. Ala: C. Cys; D, Asp: E, Glu; F. Phe; G, Giy: H. His; I. He; K. Lys; L. Leu; 
M. Met; N. Asn; P. Pro; Q. Gin; R. Arg; S. Ser; T. Thr; V, Val; W. Trp; and Y, Tyr. 
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region not involved ici alcematLve splicing 
(7). Furthermore, the two FMRP domains 
show tOO% anvino acid idemity among the 
human, mouse, and chicken FMRI ho- 
mologs (/5). In the single patient with 
severe fragile X syndrome chat was a result 
of a missense FMRI mutation (6), this 
mutation was in an invariant isoleuclne in 
the 20th positioa of the scootid KH domain 
(Fig. I A). In addition, FMEIP shows two 
ROG (Afg-Gly-Gly) boxes toward the car- 
boxyl end- RGO boxes ate atiothcr distinct 
RNP motif fouThd in heterogeneous nuclear 
RNP K (hnRNP K) and nucleolar proteins 
(16). 

To biochemically establish and charac- 
teriie RN A binding by FMRP, we measured 
^^S-labeled FMRP hound to biotinylated 
RNA (17). The "S-FMRP was translated 
in vitro from a full-length FMRI comple- 
mentary DNA (cDNA) (IS), which result- 
ed in a 69-kD protein as well as smaller, 
secondary products of the reaction (Fig. 
2 A, lane I). FMRI RNA was transcribed in 
vitro from, the same cDNA with the T3 
(sense) or T7 (antiscnse) promoter in the 
presence of biotin-uridine S'-triphosphate 
(UTP) (19). Biotinylated RNA was mixed 
with the in vitro translation reaction and 
captured with streptavidin-linked magnetic 
beads. After three washes, bound protein 
was released by denaturation and assayed by 
SDS-polyacrylamLde gel electrophoresis 
(PAGE) and Auorography. A Icnown RNA 
binding protein., Brome mosaic virus 
(BMV) RNA-dcpcndcnt RNA polymerase, 
was captured by this assay (Fig. 2A) , where- 
. as no binding was observed with a fourfold 
higher molar conceruration of the 15-kD 
parathyroid hormone precursor protein, 
which does not associate with RNA (20). 
Only the 69-ltD protein, corresponding to 
the mass of FMRP, was captured from the 
FMRI in vitro translation mix by the bio- 
tinylated RNA. Hydtoxylamine cleavage of 
this 69-lcD protein, released from the bio- 
tinylated RNA, resulted in a doublet band 



at approximately 34 kD. Two bands of 33 
and 34 kD are predicted based on the 
FMRP sequence, which confinns that this 
species is FMRP (21). 

The FMRP was able to bind to sense or 
antisense FMRi RNA (Fig. 2B). Experi- 
mients were performed In the presence of a 
62-fold excess of transfer RNA, suggesting 
that the protein specifically binds to un- 
structured EU^A, perhaps allowing access to 
the sugar-phosphate backbone and un- 
paired bases for protein interaction- Ribo- 
nucleasc (RNase) treatment before screpta- 
vidin exposure as well as use of nonbiotin- 
ylatcd RNA resulted in no capture of FMRP 
(Fig. 2B). FMRP binds strongly to single- 
stranded DNA but to a lesser extent to 
double-stranded DNA (Fig. 2B), which U 
similar to the binding of other RNP family 
proteins (22). To test whether FMRP binds 
to all RNA species, we pooled a human 
fetal brain plasmid cDNA library (23) and 
petfomied in vitro transcription in the pres- 
ence of biotin-UTP. A complex mixture of 
RNAs (average size of 700 base pairs) was 
produced, some of which allowed the cap- 
ture of FMRP (Fig. 2B, lane 4). However, 
much less RNA binding was observed with 
the pooled RNAs as compared with that in 
the presence of FMRI RNA. even with a 
sixfold molar excess of the former over the 
latter. Thus, it appears that FMRP is not a 
general, nonspecific RNA binding protein 
but cather exhibits some degree of specific- 
icy for the RNA species with which it 
interacts. 

As an independent measure of FMRP 
binding to RNA, a monoclonal antibody 
(D44), which binds specifically to RNA 
(24), was used (Fig. 2C). D44 immunopre- 
cipitation of nonbiotinylated RNA with 
bound FMRP was achieved when protein 
A4inked agarose beads were used to cap- 
ture the complex. RNase treatment abol- 
ished FMRP capture by this assay as well. 

Estimates of the strength of the interac- 
tion of FMRP with RNA were next ob- 



Rg. 2. Binding of RNA to 
FMRP. (/^ Validation of 
the biotinylated RNA 
binding assay (23) with 
in vilro-translated FMRP 
(lanes 1 and 2). BMV 
RNA-dependent poly- 




23 



merase ^x)8itivie control. 

lanes 3 and 4). and parathyroid hormone precursor protein (negative control, lanes 5 and 6). The 
corrptete in vitro translation mix of each is showvn before (lanes 1 . 3. and 5) and after (lanes 2. 4. and 6) 
binding to In vriro-lranscribed biotinylated FMRI RNA (?P). (B) Nucleic acid binding properties of 2 |il 
of in vilro-translated FMRP (lane 1) with 80 ng ol various nucleic adds: lanes 2 and 3. biotinylated and 
nonbiotinylated. respectively. FMRI RNA (sense); lanes 4 and 5, biotinylated and nonbioUnylated 
respecUvely. human feta) brarn RNA pool (23): lane 6. biotinylaled FMRI RNA (antisense); lan^ 7 and 
8 double- and single-stranded, respectively, FMRI ONA (29); and lane 9. biotinylated FMRI RNA 
(^se) treated with RNase (1 ^.g/jU ol RNase A and 1 U Q< T1 RNase) before streptavidtn capture. (C) 
Co-immunoprecipiiation ol 2 |J of rn vilro-translated FMRP and nonbiotinylaled FMRI RNA (^ m Ihe 
presence (lane 1 ) or absence (lane 2) of the 044 RNA antibody (25) lane 3. predpitaied FMRP m the 
presence of antibody and RNase (1 »tg/>tl ol RNase A and i U of RNase Ti). 
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rained. Protein titration studies (Fig. 3) 
demotwtrate saturation behavior of FMRP 
binding to 80 ng RNA. At saturation, 3 
nM FMRP was bound, as estimated by 
direct scintdlation counting of the bound 
FMRP (25). Because the RNA concentra- 
tion was held constant at 6 nM, a 2:1 
stoichiometry of RNA:protein was ob- 
tained. Similar studies with RNA from 
human fetal brain cDNA transcribed in 
vitro also displayed saturation, but only 1-5 
nM FMRP was bound. Considering that the 
brain RNA was held at a higher concentra- 
tion of 34 nM, a stoichiometry of approxi- 
mately 27: L (RNA:protein) was deter- 
mined, which suggests that there was selec- 
tive FMRP binding to approximately 4% by 
mass of the human fetal brain message. 
Because FMRI is estimated to account for 
less than 0.01% of this pool, these data 
demonstrate FMRP interaction with mes- 
sages of othet human genes. 

Biotinylated RNA trarucripts from ran- 
domly chosen human fetal brain cDNA 
clones were tested for selective FMRP bind- 
ing. Analysis of 12 clones identified two 
that produced RNA that bound to FMRP 
(Fig. 4). Insert size appeared unrelated to 
binding ability, and preliminary sequence 
analysis of those clones whose RNA bound 
did not reveal any obvious homology to 
FMRi cDNA nor to any database se- 
quence. Thus, selective RNA binditig of 
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Bq. 3. Titration of FMRP with a constani amount 
of biotinylated FMRI RNA. Amounts of in vitfo- 
translaled FMRP ranging from 0 to 7 >iJ were 
incubated with 80 ng of biotinylated FMRI 
RNA. and captured protein was eluted and 
analyzed as described The fiuorogram of the 
individual binding reactions (inset) was sub- 
jected 10 densitometry, and amounts ol bound 
protein inferred from the density of Ihe Individ- 
ual bands (y axis) were plotted versus ihe 
amount oi in vilro-translaled FMRP (x axis) 
used (26). Asterisks denote individual data 
points. 



REPORTS 



(Tv^RP is substantiated, atid further analysis 
of these clones, in conjunction with analy- 
sis of FMRi, should allow recognition of 
any structural RNA dctcrmlnatus required 
for FMRP binding. 

As would be predicted for saturable 
binding of FMRP to RNA, competition was 
observed with nonhiotinylatcd RNA (Fig. 
5A). Saturable binding was further substan- 
tiated by a series of analyses in which the 
amount of labeled FMRP was kept constant 
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Fig. 4. Selectivity of 
FMRP binding to ran- 
dom human fetal 
brain messages. Plas- 
mid DNA prepared 
from individual colo- 
nies Isolated from the human fetal brain lityary 
{23] was used as a template for in vitro tran* 
scription reactions carried out in the presence 
of biotin UTP {19}. The binding of in vitro- 
translated FMIV lo 80 ng of btotinylated RNA 
from six representative brain clones (of twelve 
tested) is shown [lane 2. done 39.1 (Q.9-kb 
insert): lane 3. 19.1 (0.7 kb): lane 4. 19.2 (1.0 
kb): lane 5. 19.3 (1.0 kb); lane 6. 3 2 (2.8 kb); 
and lane 7. 3.3 (0.8 kb)l as compared to 80 ng 
of biolinylated FMRi RNA alone (lane 1). RNA 
transcribed from done 19.1 (lane 3) demon- 
strated binding equivalent to that of FMRI RNA, 
whereas RNA produced from the remaining 
clones demonstrated little or no tnteractk)n with 
FMRP. Arrow indicates 6d-kD band. 



and the amount of biotinylated FMRI 
RNA or biotinylated brain RNA was in- 
creased (Fig. 5B). Curve fitting with a 
simple bitvditig equation (26) resulted in an 
apparent dissociation constant (Kj) of 5.7 
nM for FMRI RNA. When human fetal 
brain RNA was used, an apparent of 39 
nM was obtained. These results were con- 
firmed by direct scintillation counting of 
bound ^^S-FMRP. Substitution of the value 
for the estimated (5.7 nM) into che 
equation that described the competition 
data (Fig. 5A) produced an estimated inhi- 
bition constant {K-) of 12.4 nM. The dif- 
fererKe in estimated values for and K^ 
may re6ect either chat the biotinylated 
RNA acts as a better ligand than nonbio- 
tinylated RNA or that there are two RNA 
binding sites per protein molecule. The 
latter possibility would reduce the apparent 
binding constant because biotinylated 
RNA bound to cither or both sites would 
result in capture of the FMRP molecule by 
streptavidin. Because che stoichiometry at 
saturation suggested a 2:1 FMRJ RNA: 
FMRP ratio, this possibQity is likely. One 
may also speculate that either the KH or 
RGO domains, each present twice in 
FMRP» are directly binding EU>JA. 

The demonstration that FMEIP is an 
RNA binding protein suggests an avenue of 
further inquiry as to the precise function of 
FMRP. Given that the major neurological 




competitor RNA (ng) Blottnytolad UKA (ng) 

Rfl. 5. Characterization of FMRP binding to FMRI RNA. (A) Competition of FMRP binding by 
addition of nonbioilnyiated FMRI RNA Constant amounis of FMRP (2 p.1) and biotinylated FMRi 
Rl^ (80 ng) were incubated with increasing amounis ol nonbiotinylated FMR 1 RNA (0 to 1 280 ng) , 
and captured FMRP was analyzed by SOS-PAGE and fluorography (inset). Densitometry was used 
to estimate amounts of bound protein, and bound FMRP (/axis) was plotted {26) against amounts 
of nonbiotinylaied FMRi RNA (x axis). Asterisks denote Individual data points. (B) RNA titrations of 
FMRP binding with increasing amounts of FMRI RNA or human fetal brain {HFB) RNA A constant 
amount of FMRP (2 jil) was incubated in the presence of increasing amounts of either biolinylated 
FMRI RNA (asterisks) or biotinylated HFB RNA (x) ranging from 0 10 640 ng, and the FMRP 
captured was analyzed by SOS-PAGE followed by fluorography. Fkjorograms (insets) were 
scanned by densitometry, and the relative amount of bound FMRP (y axis) was plotted {26) versus 
the amount of biotinylated RNA added (x axis). 



phenotype of fragile X syndrome is mental 
retardation, these data provide a means to 
explore che biochemical basis of cognitive 
fuciccion in humans as well as che patho- 
physiology of fragile X syndrome. The 
observation that FMRP interacts with a 
selective, but substantial, fraction of hu- 
ntan brain RNA suggests chac ocher genes, 
whose products may vary in che absence of 
FMRP, could play a consequential role in 
the pleiotropic phenotype of fragile X 
syndrome. 
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In bacteria, a btoad spectrum of cespoases 
to an often rapidly changing environment is 
luediaced by EnecKanLscically sicniLar path- 
ways known- as two-con»ponent systems. 
The functions of two-component pathways 
include chemotaxis, sporulation, osmoreg- 
ulation, ttansformatton competence, viru- 
lence, and responses to changes in the 
sources of carboi:i, nitrogen, oxygen, and 
phosphorus (1-3). The sensor component 
of these systems is often an integral mem- 
brane protein containing a cycosolic trans- 
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28. Siotinylated RNA tiinding assays were per- 
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agarose beads (BRl.; an amount equivalent to 20 
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described {17), resuspended in 20 ^jJ of 1 x SOS 
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mitter domain that aas as a histidine- 
phosphorylating autokitiiasc, when activat- 
ed by a specific signal. The signal is sensed 
by a distinct input domain, often located in 
the peripiasmlc space. The histidine-Unked 
phosphoryl group of an activated transmit- 
ter is transferred to an aspartate in the 
receiver domain of a response regulator 
ptotein, the second component of the path- 
way. Receiver phosphorylation regulates 
the activity of its output module, which is 
often a DNA-binding domain (1-3). 

Akhaugh two-component pathways are 
common in bacteria, evidence for their 
existence in eukaryotes has been scarce. A 
protein kinase from rat mitochondria has 
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sequence similarides to bacterial hiscidine 
kinases; however, in vitro it phosphoryU 
ates a Set residue (4). Another eukaryotic 
candidate is phytochrome, a plant regula- 
tory protein diat has weak but potentially 
significant similarities to the sequences of 
bacterial hijstidine kinases (5). Histidine 
kinase activity has been detected in ex- 
tracts from S. cereaisiae and other eukary- 
otic cells (6) . 

This report describes the S. ceremiac 
SLNl gene which encodes a 134-kD prod- 
uct with strong sequence similarities to 
both the transmitter and receiver domains 
of the bacterial two-component regulators - 
We found SLNl while studying die N-end 
rule, a relation between die In vivo half-life 
of a ptotein and the identity of its N-termi- 
nal residue (7, 8). The N-end rule is a 
consequence of a set of ubiquitin-depen- 
dent degradation signal called N-degcons 
(9) . Ubiquirin is a protein whose covalent 
conjugation to other proteins plays a role in 
a number of cellular processes, primarily 
through routes that involve protein degra- 
dation (8) . In S. cereiiisioe, the recognition 
component of the N-end rule pathway is 
encoded by the VBRl gene (fO). A ubrl^ 
mutant is viable, grows at nearly wild- type 
rates, but is unable to degrade N-end rule 
substrates, which are short-lived in wild- 
type (USRJ) cells (8. 10). 

In a search for the functions of the 
N-end rule, we carried out a "synthetic 
lethal" screen to identify mutants whose 
viability requires the presence of the 
UBRi gene (1 i). To isolate such mutants, 
termed sin (synthetic tethal of N-end 
rule), we used a screen based on 5-fluQro- 
orotic acid (FOA) (12). In this method, 
yeast cells lacking chromosomal copies of 
both URA3 and a (nonessential) gene of 
interest are transformed with a plasmid 
that expresses both of these genes. The 
cells are mutagenized and examined for 
growth on plates containing FOA and 
uracil. Because FOA selects against 
UR A3 -expressing cells (12), mutants that 
grow in the absence but not in the pres- 
ence of FOA should include those whose 
viability requires the plasmid carrying the 
gene of interest linked to LfRA3. 

A synthetic lethal screen with UBRl 
yielded a recessive mutant, ski- 2, which 
was viable in the UBRl but not in the 
ubrlA background (II). Our earlier at- 
tempts to clone SLNl yielded PTP2. whicK 
encodes a putative phosphotyrosine phos- 
phatase, and is an extragenic multicopy 
suppressor of slnJ-l (If). The SLNl gene 
was isolated as described (13).. That the 
subcloncd DNA fragment jcontaining a sin- 
gle open reading frame (ORF) was indeed 
SLNl (rather than an extragenic suppressor 
of sin/ -I) was confirmed by linkage analysis 
(13), The 3.66-kb ORF of SLNl encodes a 



A Yeast Protein Similar to Bacterial 
Two-Component Regulators 

Irene M. Ota and Alexander Varshavsky* 

Many bacterial signaling pathways involve a two-component design. In these pathways, 
a sensor kinase, when activated by a signa). phosphorylates its own histidine, which then 
serves as a phosphoryl donor to an aspartate in a response regulator protein. The Sln1 
protein o1 the yeast Saaiharamyces cerevisiae has sequence sinnilaritjes to both the 
histidine kinase and the response regulator proteins of bacteria. A missense mutation 
in SLNl is lethal in the absence but not In the presence of the N-end rule pathway, a 
ubiqultin-dependent proteolytic system. The finding of SLNl demonstrates that a mode 
of signal transduction similar to the bacterial two-component design operates in eu- 
karyotes as well. 
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Rapid degradation of many labile mRNAs is regulated 
In part by an A+U-rich element (ARE) in their 3 -un- 
translated regions. Extensive mutational analyses of 
various AREs have identified important components of 
the ARE, such as the nonamer motif UUAUUU AUU, two 
copies of which serve as a potent mRNA destabilizer. To 
investigate the roles of trans-acting factors in ARE-di- 
rected mRNA degradation, we previously purified and 
molecularly cloned the RNA-binding protein AUFl and 
demonstrated that both cellular and recombinant AUFl 
bind specifically to AREs as shown by UV cross-linking 
assays in vitro. In the present work, we have examined 
the in vitro RNA-binding properties of AUFl using gel 
mobility shift assays with purified recombinant His©- 
AUFl fusion protein. We find that ARE binding affinities 
of AUFl correlate with the potency of an ARE to direct 
degradation of a heterologous mRNA. These results sup- 
port a role for AUFl in ARE-directed mRNA decay that 
is based upon its affinity for different AREs. 



Control of mRNA stability is an important component of 
eukaryotic gene expression and involves cis-acting elements 
that can be found in the coding region and/or UTRs* of mRNAs 
(reviewed In Refs. 1-6). One type of cjs-acting instability ele- 
ment is comprised of the AREs found in the 3'-UTRs of many 
unstable mRNAs (reviewed in Ref. 7). Many ARE-containing 
mRNAs are degraded by a sequential pathway involving re- 
moval of the poly (A) tract followed by degradation of the mRNA 
body (8-10). In most cases the poly(A) tract is thought to 
protect the mRNA from ribonuclease attack so that its removal 
permits degradation of the mRNA body (reviewed in Ref. 11). 
While it has been known for almost a decade that AREs are 
important for mRNA instability (12-15). the mechanism(s) by 
which they mediate mRNA turnover is still unknown. 

Despite the presence of AREs in many different mRNAs. 
there is no single evolutionarily conserved A+U-rich instability 
sequence. Typically AREs contain multiple copies of the pen- 
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tanucleotide AUUUA, often in conjunction with one or more 
U-rich regions (14). In addition, transfection studies indicate 
that as the number of tandemly repeated AUUU motifs is 
increased in a reporter mRNA, its instability increases. Like- 
wise, two copies of the nonameric motif UUAUUUAUU act as 
a more potent destabilizer than a single nonameric motif (16, 
17). Together, these analyses suggest that potent destabilizing 
AREs are high affinity binding sites for a mRNA decay 
factor(s). 

In order to investigate how AREs function in mRNA turn- 
over, we utiUzed a cell-free mRNA decay system to identify 
proteins that may be relevant to ARE-directed mRNA decay (8, 
18. 19). To this end. we previously reported the purification, 
molecular cloning, and characterization of the ARE-binding 
protein AUFl (20). Cellular AUFl purified from cytoplasmic 
extracts of K562 human erythroid leukemia cells consists of a 
37- and a 40-kDa isoform. Cloning of the 37-kDa isoform. 
p3yAUFi^ revealed two nonidentical RNA recognition motifs 
(21) and a short glutamine-rich region in the predicted amino 
acid sequence. Cloning of murine cDNAs suggests that the 
40-kDa isoform may also contain 19 additional amino acids 
N-terminal to RNA recognition motif 1 (22). Both cellular and 
recombinant p37^^^^ (hereafter referred to as AUFl) bind the 
AREs present in the c-fos and c-myc proto-oncogene mRNAs 
and the granulocyte-macrophage colony-stimulating factor cy- 
tokine mRNA as shown by UV cross-linking assays in vitro. 

The potential influence of AUFl on ARE-directed mRNA 
decay extends beyond the control of cytokine and proto-onco- 
gene expression, however. Many mRNAs encoding components 
of G protein-coupled receptors, such as ^-adrenergic receptors 
(j3-ARs), contain AREs. Moreover, receptor levels are fre- 
quently subject to regulatory control. For example, exposure of 
smooth muscle cells to agonist down-regulates Pz ^R mRNA 
levels by inducing degradation of the mRNA (23). Similarly, 
agonist-mediated destabilization of the human /3,-AR mRNA 
appears to be dependent upon an ARE (24), and for both the 
human /3i-AR and hamster Pg-^R mRNAs decay occurs con- 
comitantly with an increase in the cytoplasmic levels of AUFl 
(25). Since both cellular and bacterially expressed AUFl bind 
the Pz-AR ARE (25), the reciprocal relationship between the 
half-life of Pz-AR mRNA and the abundance of AUFl suggests 
that the half-lives of ARE-containing mRNAs may be depend- 
ent in part upon ARE-specific RNA binding affinity of AUFl. 

Here, we test the hypothesis that the binding affinity of 
AUFl for an ARE should reflect the potency of that ARE as a 
mRNA destabilizer. Using purified recombinant HiSg-AUFl 
fusion protein, we find a direct relationship between the ap- 
parent Ka for ARE binding by AUFl and the potency of the 
ARE to direct mRNA decay. These results support a role for 
AUFl in ARE-directed mRNA decay that is based upon its 
affinity for different AREs. 
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AUFl ARE'bindJng Activity and mRNA Decay 



MATERIALS AND METHODS 

All enzymes and plasmid vectors were obtained from Promega Corp. 
(Madison, WI) unless otherwise noted. All plasmid constructions were 
confirmed by both restriction enzyme analyses and dideoxy sequencing 
with Sequenase (version 2.0. U.S. Biochemical Corp.). 

Expression and Purification of HiSg-AUFI Fusion Protein— HiSg- 
AUFl fusion protein was expressed in bacteria and purified as de- 
scribed by Pende etai. (25). The concentration of purified recombinant 
HiSg-AUFl was estimated by comparison with dilutions of BSA using 
Coomassie-stained SDS-polyacrylamide gels. 

Gei FiitraUon Anaiysis of HiSe-AUFl—A 1 x 19-cm column of 
Sephacryl S-300 (Pharmacia Biotech Inc.) was equilibrated in factor- 
binding buffer (10 mM Tris. pH 7.5. 5.5 mM magnesium acetate. 100 mM 
potassium acetate). Four micromolar purified recombinant HiSg-AUFl 
in a final volume of 300 fxl of factor-binding buffer was loaded onto the 
column; 60 300-/i.l fractions were collected. Twenty microliters of each 
fraction was assayed for HiSa-AUFl by Western blot analysis using 
anti-AUFl antisera. and 5 /il of each fraction was analyzed for RNA- 
binding activity by mobility shift assay with radiolabeled c-fos ARE. 
Similarly, 400 nM purified recombinant HlSg-AUFl in 300 /U of factor- 
binding buffer was loaded onto the column, and 20 900-/il fractions were 
collected. Protein in these fractions was precipitated with 10% trichlo- 
roacetic acid, 20 /ig/ml lysozyme by incubation on ice for 30 min and 
centrifugation at 4 "C for 30 min. Each precipitate was resuspended in 
10 mM Tris (pH 7.5) and assayed for HiSg-AUFl by Western blot. The 
void volume was determined using blue dextran. 

Construction of Piasmids for in Vitro RNA SKnr/ie5/s— The sequences 
Rj3+ATxl. Rp-f-ATx2. R^+ATx3. and R/3+ATX5 were synthesized by 
polymerase chain reaction using piasmids pNEOR^G'^'^'**, 
pNEOR^G'^'*"'^'*. pNEOR^G*^^. and pNEORpG''^^^ (Ref. 26; gifts of 
Gray Shaw. Genetics Institute), respectively, as DNA templates. For 
each reaction, the 5' oligo primer was 5'-CTGTCTCATCATTTTGG-3', 
and the 3' oligo primer was 5'-CGCGGTACCGAAGAGGGACAGC- 
TATG-3'. Amplified fragments were digested with Kpn\ and £coRI and 
ligated to Kpnl-EcdRl digested pT7n'3al9 (Life Technologies. Inc.) to 
create piasmids pal9Rp+ATXl. pal9Rp+ATx2. pal9Rp+ATx3. and 
pal9R/3+ATx5. 

Plasmid pal9R0+ ATX4 was synthesized by first annealing the com- 
plementary oligonucleotides 5'-CTAGATTTATTTATTTATTTAGCTT- 
TAG-3' and 5'-TCGACTAAAGCTAAATAAATAAATAAAT-3' and then 
ligating to the 3.1-kilobase vector fragment derived from Xbal-Sali 
digested palQRjS+ATxS. 

The U32 sequence was created as a BamHl-BgRX fragment by an- 
nealing the complementary oligonucleotides S'-GATCCTazA-S' and 
5-GATCTA32G-3'. B^/II-digested pal9R/3 was ligated to the annealed 
U32 sequence to create plasmid pal9Rp+U32. 

The Xbal-SaR fragment of pal9R/3+ATx5 (described above) con- 
taining (ATTT)5 was removed, and a BgJll site was created using a 
synthetic linker, creating plasmid pal9RpAAU, 

In Vitro Transcription and Gei Mobiiity Shift /ls5ay— Piasmids 
pal9R3+ARE. pal9Rp+ARE3. pal9R^ (20). pal9R/3AAU, and 
pal9R/3+U32 were linearized by BgRl digestion to yield templates for 
transcription of ARE. ARE3. Rp. R0AAU. and U32 RNAs. respectively. 
Piasmids pal9R/3+ATx 1. pal9Rj3+ATx2, pal9Rj3+ATx3. 
pal9R/3+ATx4, and pal9R^+ATx5 were digested with SaR to create 
the templates for RNA substrates containing AUUUA. (AUUl^z, 
(AUULOa. (AUUU)4. and (AUULOs. respectively. Plasmid pGEMmyc 
(ATI) (20) was linearized with Sspl for synthesis of c-myc ARE. Radio- 
labeled RNAs were prepared by in vitro transcription of each DNA 
template using either T3 or SP6 RNA Polymerase and [a-^^P)UTP 
(ION). 

Purified recombinant HiSe-AUFl fusion protein was incubated with 
1 fmol of "P-labeled RNA probe in a final volume of 10 ^1 containing 10 
mM Tris-HCl (pH 7.5). 5 mM magnesium acetate, 100 mM potassium 
acetate. 2 mM dithiothreitol. 0.1 mM spermine. 0.1 fig^Ml bovine serum 
albumin, 8 units of RNasin, 0.2 /ig/^l tRNA. 5 /xg/^l heparin, and 0.1 
lL%lii\ poly(C). Reaction mixtures were incubated on ice for 10 min. 
Complexes were resolved by electrophoresis through nondenaturing 6% 
polyacrylamide gels (acrylamide/bisacrylamide ratio of 60:1) in 45 mM 
Tris borate (pH 8.3). 1 mM EDTA. Gels were prerun for 30 min at 13 
V/cm prior to sample loading. Gels were then run at 13 V/cm for 2-3 h. 
dried, and visualized on a Phosphorlmager (Molecular Dynamics). In 
some experiments there was a loss of shifted products during electro- 
phoresis. This was observed as smears migrating between the bound 
and free RNA bands. Thus, free RNA bands were routinely used for 
quantitation using ImageQuant image analysis software (Molecular 
Dynamics). Free probe concentration was plotted versus HiSe-AUFl 




Coomassie stain UV crossllnking 

Fig. 1. Characterization of purified recombinant HiSg-AUFl 
protein. Le// panel Coomassie Blue staining of HIsq-AUFI protein. 
One microgram of purified recombinant protein was fractionated in an 
SDS, 10% polyacrylamide gel. The gel was then stained for protein 
visualization. The apparent molecular mass of full-length HiSg-AUFl is 
51 kDa {arrow, iane ^. Lane 1 shows prestained molecular mass mark- 
ers. Right panei, UV cross-linking to c-fos ARE. A binding reaction 
containing 25 ng of purified recombinant protein and 40 fmol of radio- 
labeled C'fos ARE RNA was treated with UV light and digested with 
RNase A as described under "Materials and Methods." The reaction was 
fractionated in an SDS, 10% polyacrylamide gel. and the protein bound 
to RNA was detected by autoradiography. The 51 -kDa fusion protein is 
the major cross-linked species (arrov^. 



concentration, and apparent values were determined as the protein 
concentration at which 50% of the RNA was bound (27). For each RNA 
substrate tested, binding assays were performed in triplicate, and the 
average apparent and standard deviation were determined. In ad- 
dition, the Newman-Kuels analysis of variance test was applied to each 
set of apparent values to identify significant differences (p < 0.05) 
between values for binding to the various RNA substrates. 

UV Cross-i/niti;?^— Twenty-five nanograms of purified recombinant 
HiSQ-AUFl and 40 fmol of ^^^P-iabeled RNA containing the c-fos ARE 
were incubated as described above for mobility shift reactions. The 
binding mixture was then treated with 2500 /xj of UV light for 3 min 
and digested with 10 Mg of RNase A at 37 "C for 30 min. The binding 
reaction was fractionated on an SDS. 10% polyacrylamide gel using 
prestained molecular weight standards as markers, fixed in the gel. and 
detected by autoradiography. 

RESULTS 

Binding of HiSe-AUFl to Synthetic AREs Containing Tan- 
dem Repeats ofAUUU—yNe previously reported the purifica- 
tion, molecular cloning, and characterization of the ARE-bind- 
ing protein AUFl . Our hypothesis is that the binding affinity of 
AUFl for an ARE should reflect the potency of that ARE as a 
mRNA destabilizer. To address this hypothesis biochemically, 
we have examined the RNA-binding properties of AUFl. For 
this purpose we expressed a HiSg-AUFl fusion protein in Esch- 
erichia coh and purified the recombinant protein, which has an 
apparent molecular mass of about 51 kDa by SDS-polyacryl- 
amide gel electrophoresis (Fig. 1, left panel). To confirm that 
this polypeptide was the ARE-binding protein, a binding reac- 
tion containing radiolabeled c-fos ARE was treated with UV 
light, digested with RNase A, fractionated by SDS-PAGE. and 
detected by autoradiography. The 51-kDa HiSg-AUFl polypep- 
tide was the major cross-hnked species observed (Fig. 1, right 
panel). As a control, a lysate prepared from bacteria expressing 
the empty vector had no detectable ARE-binding activity by UV 
cross-linking assay (data not shown). Therefore, the RNA-bind- 
ing protein in these studies is HiSg-AUFl. In addition, the gel 
filtration profile of HlSg-AUFl in 10 nriM Tris-HCl (pH 7.5). 5 
mM magnesium acetate. 100 niM potassium acetate was the 
same at both 400 nM and 4 /xm protein (data not shown), 
suggesting that the protein does not form high molecular 
weight aggregates that could affect its ARE-binding activity. 
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R^AUUUA: 

RMAUUU)4: 
RHAUUUjg: 



Eeem 



UGA 



IQAUCAGUAAUAUGAAUACAUCUGAAUGUCIIAQGCUUUAG 



X 



AUUUA 
AUUUAUUUA 
AU UUAUUUAUU UA 
AU UUAUUUAUUUAUU UA 
AUUUAUUUAUUUAUUUAUUUA 



B 




R^fesARE: UUUAUUQUOUUUUUAAOUUAUUUAUUAAQAUGQAUUCUCAQAUAUUUAUAUUUUUAUUUUAUUUUUUU 
RP+AISARE3: UUUAUUQUGUUUUUAAUAUAUAUAUUAAGAUOGAUUCUCAQAUAUAUAUAUUUUUAUUUUAUUUUUUU 



MI^ARE: 



AUAAAAQAACUUUUUUAUQCUUAOCAUCUUUUUUUUUUCUUUAACAGAUUUQU 

AUUAAGAAUUGUUUUUAAAAAAUUUUAAGAUUUACACAAUQUUUCUCUGUAAAUA 

Fig 2 Seauences of RNA substrates used in mobility shift assays with HiSe-AUFl. With the exception of the c-myc ARE each complete 
RN/^^suMe co^^^^^^ 80 nucleotides of the rabbit p-globin coding region including termination codon an^^^^^^^^^ 

ElmTe}ust 3' to the T3 or SP6 bacteriophage promoter in each construct. A, the R0AAU substrate is f Pif^^^r^fl^^^^^^ 
Shown as an open box, followed by nucleotides immediately 3' of the UGA termination codon. Also shown is ttie site of insertion ^UUIM o^^^^^ 
reZts in the Rfl+ AUUUA and Rp+(AUUU)„ substrates, respectively. The UUAUUUAUU nonamer nnotlfs are "f'^'^'^^^^" ^e^VToS^?^ 
hfc L subs^^^^^^^^^ depicted ith the rabbit /3-globin sequence described above (.^^^ bo^ followed ^^^^^^ f ^R^ 

mutant ARE3 {hatched bo^d- Nucleotide sequences of the c-/as ARE and the ARE3 mutant are shown. U-to-A substitutions in the c^fos ARE3 
mutant are underlined. C. the sequence of the c-znyc ARE is shown. 



RNA-binding activity of HiSg-AUFl was assayed by nonde- 
naturing gel mobility shift assays using radiolabeled sub- 
strates containing either one AUUUA motif or from two to five 
tandem repeats of AUUU. (See Fig. 2 for RNA sequences.) 
AUUUA motifs are present in the AREs of most unstable 
proto-oncogene and cytokine mRNAs, and the potency of an 
AUUU-containing sequence to act as a mRNA destabilizer is 
proportional to the number of tandemiy repeated AUUU motifs 
(16, 17, 26). Radiolabeled RNA substrates were incubated with 
increasing concentrations of HiSg-AUFl , and the products were 
resolved by native polyacrylamide gel electrophoresis. Shown 
in Fig. 3 are representative gels along with plots of free RNA 
concentration versus fusion protein concentration. Hisg-AUFl 
ARE binding affinities increase as the number of tandemiy 
repeated AUUU motifs is increased (Table I), with lowest af- 
finity binding to Rp+ AUUUA (apparent AT^ = 210 ± 50 nM) and 
highest affinity binding to R/3+(AUUU)5 (apparent /C^ = 19 ± 
7 nM). The control RNA substrate R^AAU, which has all AUUU 
repeats deleted, Is bound by Hisg-AUFI with low affinity (ap- 
parent /C^ = 660 ± 90 nM (data not shown)). 

Since mulUple tandem repeats of AUUU constitute primarily 
U-rich sequence, the increasing binding affinity by HiSg-AUFl 
observed with increasing AUUU copy number could result from 
an increase in the number of uridylate residues. To test HiSe- 
AUFI binding affinity for U-rich RNA. binding to a substrate 
containing U32 was performed, since this sequence has been 
tested for mRNA destabilizing activity (17). The apparent 
for HiSg-AUFl binding to the RP+U32 substrate is >500 nM 
(Fig. 4). While low affinity binding occurs to the R/3+U32 sub- 
strate, no binding is detected to the control ^-globin substrate 
lacking the U32 sequence (Fig. 4). Nonetheless the estimated 



binding affinity to R/3+U32 {>500 nM) is at least 20-fold lower 
than that for binding to R/3+(AUUU)5 (K^ = 19 ± 7 nM). 
Likewise, heterologous mRNAs containing poly(U) tracts in 
their 3'-UTRs are stable (16. 17. 28). We conclude that HiSg- 
AUFl binding affinities for the AUUU-containing RNAs par- 
allel their potencies as mRNA destabilizers. The low affinity 
binding to the U32 substrate is also consistent with its inability 
to promote mRNA degradation. 

Binding of HiSe-AUFl to Authentic c-fos and c-myc ARE 
Sequences— Our results show that Hisg-AUFI has a relatively 
low affinity for a substrate with two tandem AUUU motifs 
(Table I). The c-fos ARE has two tandem AUUU motifs and a 
single AUUUA motif separated by 19 nucleotides, while the 
c-iTJyc ARE has two AUUUA motifs separated by 25 nucleotides 
(see Fig. 2). However, the c-fos and c-myc AREs are very potent 
mRNA destabilizers (17. 28). We therefore examined binding of 
Hisg-AUFI to RNA substrates containing these AREs using the 
mobility shift assay. A plot of free RNA concentration versus 
fusion protein concentration revealed an apparent K^of 7.8 ± 
0.4 nM for the c-/as ARE (R/3+fosARE; Fig. 5>4). High affinity 
binding does not require intact AUUUA motifs, since HiSg- 
AUFl binds the ARES mutant c-/b5 substrate containing single 
U-to-A substitutions in each AUUUA motif with an apparent 
/Ctf of 20 i 4 nM (R/3+ARE3: Fig. 5B). (The diff^erence In binding 
affinity between the wild-type and mutant c-fos ARE is not 
statistically significant (p > 0.05).) Likewise. HiSg-AUFl binds 
the c-myc ARE with an affinity {K^ = 2.1 ± 3 nM) similar to that 
for the c-fos ARE (Table I). CThe difference in binding affinity 
between the c-znycand c-fos ARE is not statistically significant 
{p > 0.05).) We conclude that AUFI binds authentic c-fos and 
c-myc AREs with high affinity even though these AREs lack 
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RP-H(AUUU)5 



IHIS6-AUF11 nM 



bound RNA 
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IMi <M< f*^ ■^■5* "'^^ ^I^J^ ^vi-'r-.-^irv^:! 




CHISe-AUFI] (nil) 

FIG. 3. Hise-AUFI binding affinity for AUUU-containing sequences increases as the number of tandemly repeated AUUU motife Is 
increased. HiSc-AUFl binding to RNA substrates containing AUUUA or tandem repeats of AUUU (see Fig. 2) was analyzed by electrophoretic 
mobility shift assays and apparent for His^-AUFl binding to each RNA was determined as described under ^^^^"fl^,^^"^ .Methods 
Reoresentative binding reactions using HiSn-AUFl and radiolabeled RNA substrates are shown at the top of each paneV and plots of IRNA, j 
SFhIsoT^^^^ shown at the Ltom of each panel. A. R0+ AUUUA; B. R^HAUVV),- C R0+(AUUU)s. For each RNA substrate, the 
value shown is the average of three separate experiments. 

multiple tandem repeats of AUUU. Thus. AUFI is capable of 
binding a number of different AREs with high affinity. 

DISCUSSION 

The Importance of AREs for mRNA turnover was first real- 
ized in 1986 (12, 14). yet it is still unclear how AREs function 
in mRNA decay. We have utilized biochemical approaches to 
identify fra/75-acting factors that bind AREs in order to relate 
such RNA binding to mRNA degradation. We previously puri- 
fied, characterized, and molecularly cloned the ARE-binding 



protein AUFI. and in the present study we have examined 
binding affinities of a HiSg-AUFl fusion protein for A+U-rich 
sequences with defined relative potencies as mRNA destabillz- 
ers. Here, by determining apparent /C^ values for HiSg-AUFl 
binding, we demonstrate that AUFl-ARE binding affinity is 
directly related to the potency with which an ARE destabilizes 
a heterologous mRNA (Table I). Additionally, the affinity of 
HiSfi-AUFl for the most potent destabilizing AREs is within the 
average range (10"® m) of affinities exhibited by several other 
RNA-binding proteins that recognize specific sequences or 
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Table I 

Summary of apparent values for HiSe-AUFJ binding 
to RNA substrates with corresponding degradation rates 
of the heterologous mRNAs 
The binding substrates in electrophoretic mobility shift assays are 
represented in the left column. Relative degradation rates, summarized 
from previous studies (Refs. 16 and 17), are depicted in the middle 
column as a series of plus symbols, where the number of symbols is 
proportional to the degradation rate of the mRNA (one is slowest and 
four is fastest). The apparent /revalues (average ± S.E.) for Hise-AUFI 
binding to each RNA are shown in the right column. 



RNA 


Relative 


Apparent K^f for AUFl 
binding 


degradation rate 






nM 


c-fos ARE 


+ + + + 


7.8 ± 0.4 


c-myc ARE 


+ + + + 


21 ±3 


(AUUU)5 


+ + + + 


19 ± 7 


(AUUU)4 


+ + + 


60 ± 20 


(AUUU)3 
(AUUU)2 


+ + 


100 ± 50 


+ 


150 ± 30 


AUUUA 


+ 


210 ± 50 


U32 
R^' 


+ 


>500 




>750 



Structures (29). 

Certain A+U-rich sequences are more potent mRNA desta- 
bilizers than others, suggesting that the potencies of destabi- 
lizers are proportional to the binding affinities of a cellular 
decay factor(s). For example, when placed in the context of a 
heterologous, normally stable mRNA, AUUUA and (AUUU)2 
are relatively ineffective as destabilizing elements; (AUUU)3 
has a modest destabilizing effect; (AUUU)4 increases the decay 
rate further; and (AUUU)5 is the most potent destabilizer of the 
five (16. 17. 26). In fact, (AUUU)5 increases the degradation 
rate of a reporter mRNA to about the same extent as does the 
c-/bs ARE (17). Likewise. HiSg-AUFl binds the c-/o5 ARE {K^ = 
7.8 ± 0.4 nM) and the (AUUUjg substrate {K^ = 19 ± 7 nM) with 
similar affinities. (The differences are not statistically signifi- 
cant (p > 0.05).) Statistical analyses were used to determine 
significant differences {i.e. p < 0.05) between values for 
HiSfi-AUFl binding to various RNA substrates, and as a result 
the RNA sequences used in this study can be grouped into three 
general classes: (I) RNAs that are either not bound or bound 
with low affinity by AUFl and are not mRNA destabilizers 
(jS-globin. U32. and AUUUA): (il) RNAs that are bound with 
gradually increasing, moderate affinities by AUFl and have a 
gradually increasing, partial destabilizing effect ((AUUU)2 < 
(AUUU)3 < (AUUU)4); and (iii) RNAs that are bound with the 
highest affinity by AUFl and are potent mRNA destabilizers 
{c-fos and c-myc AREs and (AUUU)5). Based upon these ranges 
of AUFl binding affinities for various RNA substrates (low. 
moderate, high) and the relationship of high affinity binding to 
mRNA decay, the affinity of AUFl for a mRNA may dictate the 
rate at which it is degraded. Therefore, cellular AUFl concen- 
tration may be one determinant of mRNA half-life. In this 
regard we found that by comparing Western blots of K562 
cytoplasmic extracts with known amounts of purified recombi- 
nant p37^^^^ (the isoform used in these studies) that there are 
approximately 3.2 X 10^ cytoplasmic molecules of p37^"^Vcell 
(data not shown). Assuming a diameter of 20 p^m for K562 cells 
and 50% of the cell volume as cytoplasm (30). the concentration 
of p37''^^^ is approximately 25 nM. This value is comparable 
with the apparent for binding to the c-myc ARE. Thus low 
cellular concentrations of active AUFl may be sufficient for 
binding to a mRNA that contains a high affinity AUFl-binding 
site such as the c-myc and c-fos AREs, Based upon our results, 
such mRNAs should have very short half-lives. Likewise. 
mRNAs with AREs bound with lower affinities by AUFl might 
require a higher concentration of active AUFl for binding: 
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z 




1000 



[HIS6-AUFI] (nM) 



Fic. 4. R^+U32 Is not a high affinity HiSe-AUFl binding sub- 
strate. RNA substrates contained the last 80 nucleotides of the rabbit 
^-globin coding region alone (R^) or linked to U32 (R/3+U32). Binding 
affinity of HiSg-AUFl for the R/3+U32 or R0 substrates was determined 
by electrophoretic mobility shift assays as described under "Materials 
and Methods." Representative plots of [RNAf^J versus (HiSg-AUFlJ for 
R/3+U32 {triangle:^ and R/3 {open circles^ are shown. The apparent 
for binding to RP+U32 was determined from three separate experi- 
ments to be >500 nM. which was the highest protein concentration 
used. No binding to RJ3 was detected. 



these mRNAs should be degraded at a slower rate than those 
with high affinity binding sites. Thus, the availability of active 
AUFl for ARE binding is a potential mechanism by which cells 
could control mRNA turnover rates and one in which the decay 
of multiple mRNAs could be differentially regulated by AUFl 
concentration. Support for this hypothesis is the relationship 
between AUFl levels and ARE-directed mRNA destabilization 
observed in DDT1-MF2 hamster smooth muscle cells treated 
with (-)isoproterenol. In this case, (-)isoproterenol induces an 
increase in cellular AUFl protein and mRNA levels. This in- 
crease in turn correlates with a faster decay rate for Pg-adre- 
nergic receptor mRNA, which contains an AUFl binding site(s) 
in the 3'-UTR (25). 

Recently, two groups reported that the functional sequence 
within an ARE appears to be the nonamer sequence 
UUAUUUAUU (16. 17). One copy of the sequence 
UUAUUUAUU in the 3'-UTR of a normally stable mRNA can 
increase its degradation rate compared with the wild-type 
mRNA, while two copies of the nonamer motif act as a very 
potent mRNA destabilizer. As depicted in Fig. 2. (AUUU)3 
contains one copy of the nonamer {underlined in Fig. 2); 
(AUUU)4 contains two overlapping copies; and (AUUU)5 con- 
tains two copies that overlap by a single nucleotide. Consistent 
with the potencies of two copies or one copy of the nonamer as 
destabilizers, binding affinity of HiSg-AUFl for (AUUUjg is 
3-fold and 5-fold greater than the binding affinities for 
(AUUU)4 or (AUUU)3. respectively (Table I). Thus. AUFl may 
function in part via recognition of the nonamer motif. 

Despite the potential importance of the nonamer motif 
UUAUUUAUU in ARE-directed mRNA decay, it is important 
to note that not all AREs found in unstable mRNAs contain this 
motif. For example, the portion of the c-myc ARE that functions 
as a very potent mRNA destabilizer does not contain this motif 
(28). While the c-myc ARE does contain noncontiguous AUUUA 
motifs, destabilizing AREs that contain no AUUUA motifs have 
also been identified. In addition, the presence of one or more 
AUUUA motifs in an ARE may not be sufficient for effective 
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[HiSe-AUFIl (nM) (HISe-AUFIl (nM) 

Fig 5 High affinity binding of HiSe-AUFl to c-/as ARE substrates. HiSe-AUFl binding to RNA substrates containing the wild-type c-/£K 
ARE or the ARE3 mutant (see Fig. 2) was analyzed by electrophoretic mobility shift assays, and apparent Revalues for HiSg-AUFl binding to each 
RNA were determined as described under "Materials and Methods." Representative binding reactions using HiSg-AUFl and radiolabeled RNA 
substrates are shown at the top of each panel and plots of [RNA,^ versos (HiSe-AUFl] are shown at the bottom of each panel A, Rfi+fos ARE: 
5. Rp+/as ARE3. For each RNA substrate, the value shown is the average of three separate experiments. 



mRNA destabilization (28). Moreover, analysis of a c-fc ARE 
mutant. ARES, with single U-to-A substitutions in all three 
AUUUA motifs showed that intact AUUUA motifs are not 
required for rapid mRNA deadenylation but are important for 
rapid degradation of the mRNA body (9). The apparent for 
HiSe-AUFl binding to the c-fos ARE and the ARE3 mutant 
were not statistically different (7.8 ± 0.4 nM and 20 ± 4 nM. 
respectively; p > 0.05). Likewise, HiSg-AUFl bound a mutant 
c-mycARE with single U-to-A mutetions in both AUUUA mo- 
tifs with affmity similar to wild-type c-myc ARE (data not 
shown). Thus, intact AUUUA motifs are not required for high 
affmity binding of HiSg-AUFl to the c-fos and c-myc ARBs. 
Therefore, although the study of AUUUA and UUAUUUAUU 
motifs has contributed greatly to understanding of ARE-di- 
rected mRNA decay, it is evident that these motifs may consti- 
tute only a subset of important motifs within various AREs, 

In conclusion, our results suggest that the affinity of AUFl 
for particular ARE sequences is related to their potency as 
mRNA destabillzers. Future experiments will utilize AUFl as 
a tool to define multiple classes of AREs and to define specific 
nucleotide requirements for AUFl binding by selection of high 
affinity binding substrates from combinatorial libraries of RNA 
sequences {e.g., SELEX; reviewed in Ref. 31). 

AcknowIedgments—yNe thank Gray Shaw for the pNEOR^G^'*' plas- 
mids. Ann-Bin Shyu for the c-fos plasmids. Jim Rose for help with 
statistical analyses, and Paul Bohjanen. Mariano Garcia-Blanco. Doug 
Lyles, David Ornelles. and Jeff Ross for comments on the manuscript. 

REFERENCES 

1. Beelman. C. A., and Parker. R. (1995) Ct//81. 179-183 

2. Pcltz. S. W.. Brewer. G.. Bernstein. P.. Hart. P. A., and Ross. J. (1991) Grit 

Rev. EukaryoUc Gene Expr. 1. 99-126 

3. Sachs. A. (1993) Ce7/74. 413-421 



4. Carter. B. Z.. and Maker. J. S. (1991) Ub. Invest 65, 610-621 

5. Schiavi. S. C. Belasco. J. G.. and Greenbeiig. M. E. (1992) Biochim. Biophys. 

Acta 1114. 95-106 

6. Ross. J. (1995) Microbiol Rev. 59. 423-450 

7. Greenberg. M. E.. and Belasco. J. (1993) Control of Messenger RNA Stability 

(Brawerman. G.. and Belasco. J., eds) pp. 199-218. Academic Press. Inc.. 
San Diego. CA 

8. Brewer. G.. and Ross. J. (1988) MoL Cell Biol. 8. 1697-1708 

9. Shyu. A.-B.. Belasco. J. G.. and Greenbeiig. M. E. (1991) Genes & Dev. 5, 

221-231 

10. Swartwout. S. G.. and Kinniburgh. A. J. (1989) Mol Cell Biol. 9. 288-295 

1 1. Bernstein. P.. and Ross. J. (1989) Trends Biochem. Sci, 14. 373-377 

12. Caput. D.. Beutler. B.. Hartog. K.. Thayer. R.. Brown-Shlmer. S., and Cerami. 

A. (1986) Proc. Natl. Acad. ScL U. S. A. 83. 1670-1674 

13. Jones. T. R.. and Cole. M. D. (1987) MoL Cell. Biol 7. 4513-4521 

14. Shaw. G., and Kamen. R. (1986) CelUQ, 659-667 

15. Wilson. T.. and Treisman. R, (1988) Natured3B, 396-399 

16. Lagnado, C, A.. Brown. C. Y.. and GoodaU. G. J. (1994) Mol Cell Biol 14. 

7984-7995 

17. Zublaga. A. M.. Belasco. J. G.. and Greenberg. M. E, (1995) Mol Cell Biol 15, 

2219-2230 

18. Brewer. G., and Ross. J. (1989) Mol Cell Biol 9, 1996-2006 

19. Brewer. G. (1991) Mol Cell. Biol 11. 2460-2466 

20. Zhang W. Wagner. B. J.. Ehrenman. K.. Schaefer. A, W.. DeMarla. C. T.. 

Crater. D.. DeHaven. K.. Long. L.. and Brewer. G. (1993) Mol. Cell Biol 13, 
7652-7665 

21. Burd. C. G.. and DreyRiss. G. (1994) Science 265. 615-621 

22. Ehrenman. K.. Long. L.. Wagner. B. J., and Brewer. G. (1994) Gene (Amst) 

149 315—319 

23. Hadcock. J. *R.. Wang. H., and Malbon. C. C. (1989) J. Bid. Ghent. 264, 

19928-19933 

24. Tremmel. K. D.. Pende. A.. Brlstow. M. R.. and Port. J. D. (1996) Keystone 

Symposia: The Molecular Biology of the Cardiovascular System, p. 47. 
Keystone Symposia. Sllverthom. CO 

25. Pende. A.. Tremmel. K. D.. DeMarla C. T.. Blaxall. B, C. Minobe. W. A.. 

Sherman. J. S.. Bisognano. J. D.. Bristow. M. R.. Brewer. G.. and Port, J. D. 
(1996) J. Biol Chem. 271. 8493-8501 

26. Akashi. M.. Shaw. G.. Hachiya. M.. Elstner. E.. Suzuki. G.. and Koeffler. P. 

(1994) BloodS3, 3182-3187 

27. Carey, J. (1991) Methods Enzymol. 208. 103-117 

28 Chen. C.-Y. A., and Shyu. A.-B. S. (1994) Mol Cell Biol 14, 8471-8482 

29 McCarthy. J. E. G.. and KoUmus. H. (1995) Trends Biochem. Set 20, 191-197 

30 Koeffler. H. P.. and Golde. D. W. (1980) fl/ooc/ 56. 344-350 

31. Kenan. D. J.. Tsai, D. E.. and Keene. J. D. (1994) Trends Biochem. Sci. 19. 
57-64 



Exhibit C 



Molecular and Cellular Biology. June 1997. p. 3194-3201 
0270-7306/97/$04.00+0 

Copyright © 1997. American Society for Microbiology 



The Neuronal RNA Binding Protein Nova-1 Recognizes 
Specific RNA Targets In Vitro and In Vivo 
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Nova-1. an autoantigen in paraneoplastic opsoclonus myoclonus ataxia (POMA), a disorder associated with 
breast cancer and motor dysfunction, is a neuron-specific nuclear RNA binding protein. We have identified hi 
vivo Nova-1 RNA ligands by combinmg affinity-elution-based RNA selection with protein-RNA immunopre- 
cipitation. Starting with a pool of -10*^ random 52-mer RNAs. we identified long stem-loop RNA ligands that 
bind to Nova-1 with high affinity (/^^of ~2 nM). The loop region of these RNAs harbors a ~15-bp pyrimidine- 
rich element [UCAU(N)o zls which is essential for Nova-1 binding. Mutagenesis studies defined the third KH 
domain of Nova-1 and the [UCAU(N)o.2]3 element as necessary for in vitro binding. Consensus [UCAU 
(N)o 2I3 elements were identified in two neuronal pre-mRNAs. one encoding the inhibitory glycine receptor a2 
(GlyR a2) and a second encoding Nova-1 itself. Nova-1 protein binds these RNAs with high affinity and 
specificity in vitro, and this binding can be blocked by POMA antisera. Moreover, both Nova-1 and GlyR a2 
pre-mRNAs specifically coimmunoprecipitated with Nova-1 proteui from brain extracts. Thus, Nova-1 fimc- 
tions as a sequence-specific nuclear RNA binding protein in vivo; disruption of the specific interaction between 
Nova-1 and GlyR aZ pre-mRNA may underlie the motor dysfiinction seen in POMA. 



RNA-protein interactions are important in the posttran- 
scriptional regulation of, RNA metabolism and expression. 
Nascent RNA transcripts associate with large multiprotein 
complexes that include hnRNP proteins and snRNP particles 
(19). RNA protein complexes subsequently participate in poly- 
adenylation. RNA splicing. RNA transport, and translational 
control. Defining target RNAs with which RNA binding pro- 
teins (RBPs) interact has been critical in defining their func- 
tion. In Drosophila melanogaster the identification of se- 
quence-specific targets for the sex-lethal (sxl) (5, 30) and 
transformer-2 (28) RBPs has led to a precise understanding of 
their role in regulating RNA splicing. In mammals, the ability 
of U2AF(65) to bind to polypyrimidine tracts is believed to 
recruit U2 snRNP to the branch site (48. 69). Identification of 
specific RNA ligands for the human immunodeficiency virus 
Rev and Tat proteins has clarified their role in regulating viral 
RNA transcription, processing, and transport (14, 27. 34, 40. 
70). There remain, however, many RBPs for which specific 
RNA targets have not been identified. 

RNA selection has been used as an in vitro approach to 
identify RNA ligands for RBPs (61, 65). This approach was 
originally used to confirm the specificity of rRN A binding sites 
recognized by T4 DNA polymerase (65) and has subsequently 
been used to confirm and extend Icnown binding sites for the 
Ul-snRNP-A protein (64). sxl (55), and the viral Rev (3. 31) 
and Tat (66) proteins. RNA selection experiments have also 
been used in efforts to identify RNA ligands for RBPs that do 
not have known sequence-specific binding sites, including 
hnRNP proteins (12). SR proteins (29. 62). and the neuronal 
RBP (n-RBP) Hel-Nl (36) , although in general these studies 
have yielded short in vitro consensus RNA ligands whose in 
vivo significance is currently being explored. 

Nova-1 is a nuclear n-RBP identified as a target antigen in 
paraneoplastic opsoclonus myoclonus ataxia (POIVIA) (9. 10. 

* Corresponding author. Mailing address: Laboratory of Molecular 
Neuro-Oncology. The Rockefeller University, 1230 York Ave., New 
York. NY 10021. Phone: (212) 327-7460. Fax: (212) 327-7147. E-mail: 
damelr@rockvax.rockefeller.edu. 



16). POMA is a neurologic disorder that develops when sys- 
temic tumors (typically breast tumors) ectopically express 
Nova, triggering the production of an autoimmune response 
characterized by high-titer anti-Nova antibodies in the cere- 
brospinal fluid (9, 38). The neurologic symptoms of POMA are 
thought to result, at least in part, from the failure of inhibition 
of brainstem and/or spinal motor systems (16). Cloning of the 
Nova-1 gene led to the demonstration that it was an n-RBP 
composed of three KH-type RNA binding domains (9. 10). 
Nova-1, together with the Hu family of n-RBPs, are distinct 
from most mammaUan RBPs in that their expression is ex- 
tremely tissue specific. For example, most hnRNP proteins are 
ubiquitously expressed, although some show different levels of 
expression among different tissues (13, 33). Nova-1 is ex- 
pressed only in neurons of the subcortical central nervous 
system (9. 10). 

KH-type RBPs are an expanding family of proteins for which 
some functional data are available, although whether they act 
as sequence-specific RBPs is uncertain. KH-type proteins in- 
clude FMR-1 (encoded by the fragile-X gene), which harbors 
two KH domains; loss of function mutations of the fragile-X 
gene is associated with mental retardation (11. 58). Nova-1 is 
also related to KH-type RBPs involved in regulating RNA 
splicing, including MER-1 in yeast (21). PSI in Drosophila (54). 
and the recently described mammalian proteins KSR and SF-1 
(2. 41). Nova-1 is most closely related to hnRNP K. a protein 
whose function or targets as an RBP are unknown. In this 
paper, we report the identification of a specific stem-loop RNA 
which Nova-1 binds in vitro and in vivo in two neuronal pre- 
mRNAs. We discuss these findings hi relation to the biology of 
Nova as an RBP and as a disease antigen. 

MATERIALS AND METHODS 

RNA selection. An oligonucleotide harboring a 52 bp random sequence sur- 
rounded by primer binding sites (GGG AGA ATT CCG ACC AGA AG 
TAT GTG CGT CTA CAT GGA TCC TCA (22]) was synthesized on an ABI 
DNA synthesizer to yield 2 mg of DNA with an estimated complexity of -3 x 
10'° sequences; the oUgonucleotlde was characterized and PGR amplified by 
using forward and reverse oUgonucleotlde primers as described previously (20. 
22). Following PGR amplification, the sequences of 24 random clones from this 
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oCGUAUA CUG CCGC APCADCACAD DCADAAGACAUUCAgCfifi A060 AQfi£SQC 
firir^^^AU Ad^f UG AGGACGCGU CGCCAUCAU UCAUCGDCAUUUUAUCSZSCCuau SUflCaufiUacaufiBlflU 
GAUGCAC GUU ACGAG UU GCQCA. CU UCAXJCGCaUUUCMI AA IfflCGC UC CUCGU U aUSDIOC 
UGQCQAAACnGAGG AQCSAQCACOCAnAAGOCM 
AGCA AUGGGCGtXSC UGGG GG GACAC AU HCMl OeMT PeMf ACAC GOGUC AAQ Cuaumigeerueuac 
aoGAGAGg GAGA GCCU AAUAGAOOCAGCG U UCAUaAftCAU (X»UCUUACAfiCU!?)U^^ 

flr AnPAPGPAAGOCtlGCCG OCACT OP UCAU nffxn ArgSStJGAAtlUUGCGUGc 

moggAn miBCQGA CAccc ocMiaociujcuACMiaDCAP UACGsaiuGQSGguauguag 

CUAfanJO G GCAAOC G AfgimA fiAGUCOGGCTAIXXaUCftglAGSUaSCGai^^ 



Fraction Number CONSENSUS gTEM - ucauyucauyucaoy - SSm 

FIG 1 Selection of Nova-I RNA llgands from a random RNA library. (A) Bound RNAs were enriched in each round of selection by specifically elutbig 
histldVneta^^^^^ 

ST in thf peaVfraction RNA elutions from selection njund 5 {RNA-RdS) or round 7 {RNA^RdTi are shown. Multiple selection cycle^^^^^^^ 

^87% of mpSt RNA counts coeluted with Nova-1 protein (RNA selection round 7: see also Table 1). (B Sequences of Nova- 1 selected ^^^A^" f.^J!"^^ 

14 rcR cS^^ RNA ligands cloned after seven rounds of RNA selection are shown; two additional clones in which no consensus was fie^^^Hv^^^^ 

UCAU rtSn^ch are shown in boldface. Regions of the RNA which form the inverted repeat stem are underlmed. Stem sequences which are derived from 

the nonrandom regions of the RNA ligand (primer binding sites) are in lowercase. A consensus sequence is shown below. 



pool were determined; each clone was unique, and the overall base composition 
showed a slight excess of purines (24% A and 33% G) over pyrimldines (21% C 
and 20% U) and a random distribution of dinucleotide frequencies (data not 
shown). Two pool equivalents of purified library DNA (110 p-g, ~2.1 x 10''* 
molecules) were transcribed in vitro with T7 RNA polymerase and [a- PJUTP 
as described previously (20). RNA was purified from denaturing acrylamlde gels, 
heated to 70"C for 5 min, and applied to a precolumn containing an irrelevant 
histidine -tagged fusion protein to adsorb nonspecifically bound RNAs. The 
flowthrough was then applied to a histidine-tagged Nova-l nickel affinity column 
in high-salt buffer (HSB; 0.5 M LiCl. 20 mM Tris-HCl IpH 7.61, 1 m.M MgClj, 60 
mM imidazole (20. 25)). Following washing in 10 column volumes of HSB. 
protein and RNA were coeluted by the addition of 1.0 M imidazole In HSB. 
Protein-bound RNA was extracted in phenol-0.5% sodium dodecyl sulfate at 
50"C and ethanol precipitated with LiCl and glycogen. 

Filter binding assays. Filter binding using purified histidine-tagged Nova fu- 
sion proteins and methods previously described (10). Briefly, the indicated con- 
centrations of fusion proteins were Incubated with 50 to 200 fmol of =*2P-labeled 
RNA as indicated; RNA was transcribed directly from PGR products encoding 
RNA selection clones or from oligonucleotides harboring T7 RNA polymerase 
promoters. Binding was performed in 100 vA of btading buffer (0.5 M LlCl. 20 
mM Tris-HCl [pH 7.4], 1 mM MgCIj. 10 jig of yeast tRNA/ml) for 30 min, 
samples were filtered through nitrocellulose and washed with 1 volume of bind- 
ing buffer, and retained counts were determined In a scintillation counter. 

Gel shift assays. Gel shift assays were performed with 50 ng or otherwise 
indicated amounts of fusion protein in 10 |a1 of protein buffer (50 P'g of bovine 
serum albumin/ml 0.5 M LlCI. 20 mM Tris-HCl [pH 7.61. 1 mM MgClz); 50 fmol 
of ^^P-labeled RNA was heated to 80'C for 5 min. cooled to room temperature, 
and then added to RNA buffer (0.5 M LiCl. 20 mM Tris-HCl [pH 7.61. 1 mM 
MgClj. 40 ng of yeast tRNA/ml) in a final volume of 10 fxl. Protein and RNA 
samples were mUed and allowed to equilibrate for 30 min at room temperature. 
For supershift experiments, antibody was then added and incubated an addi- 
tional 30 min at room temperature. Two percent of each sample was resolved 
with a 50 mM Tris-glycine-4% polyacrylamide gel. dried, and exposed to XAR-5 
autoradiography film. . , i. n. 

Immunoprecipltation. Adult mouse brains were homogenized with a Dounce 
homogenizer in NET-Triton (150 mM NaCl. 50 mM Tris-HCl (pH 7.41. 0.1% 
Triton-X 100. protease inhibitors). Nuclei were collected by centrifugatlon and 
resuspended in 1 ml of NET-Triton. sonicated, and spun In a microcentrifuge, 
and the supernatant was precleared with protehi A-Sepharose for 30 min at 4'C. 
followed by incubation with the Indicated antibodies and protein A-Sepharose. 
After five washes with cold RlPA buffer (150 mM NaCl. 50 mM Trls jpH 7.41. 
0 1% sodium dodecyl sulfate. 1% Nonidet P-40. 0.5% deoxycholate). samples 
were resuspended in DNase buffer (50 mM Tris-HCl [pH 7.4). 6 mM MgClz- 3 
mM CaCy with 20 U of DNase and 20 U of RNase Inhibitor at 37*C for I h. 
extracted with phenol-chloroform at 55'C. extracted with chloroform, and pre- 
cipitated with ethanol and sodium acetate. Reverse transcription (RT)-PCR was 
performed as previously described (9). All PCRs except the PGR to det«:l 
clathrin were performed by using 30 cycles (1 min at 94'C. 30 s at 58'C. and 45 s 
at 72'G). PGR to detect clathrln DNA was performed by using 32 cycles of 1 mm 
at 94-C, 30 s at 54'C. and 45 s at 72'C. Primers used were as follows: glycine 



receptor a2 (GlyR a2). AAAATAGTAGTGGGAAGTTATCATGCA and CAT 
GGTGGTITGTGTGACTGATG: Nova-1. GCGAATTGTCGAGATCGCATC 
AAACAA and ACTGAAGGCTCCAAAAGTCTTC; clathrln. TTAACCCTGT 
GCCTGCGTGTGTTG and GCTGCTGGTAGAACGCTTTGTCAG: HuD. 
GGACATGAATTACTTGCCAT and GATAGGCCATATTAAGGA; HelNl. 
ATTGCTGTAACCAATCTA and ATTCCATCGATGGTCATT; and braln- 
speclfic Na* channel, GGAATTGTGGAACTGGGTGGATTTCAGTG and 
TGCGGAATTTATCATGGCACC. 

RESULTS 

We have examined the function of Nova-1 by using an af- 
finity elution-based RNA selection (25. 61) to identify specific 
Nova-1 protein-RNA interactions. RNA was transcribed from 
two pool equivalents of a PCR-amplified oligonucleotide li- 
brary comprised of 52-nucleotide random-mers. The tran- 
scribed RNA. which had an estimated complexity of 2.1 X 10 
molecules, was applied to a nickel column containing an irrel- 
evant histidine-tagged fusion protein, and the flowthrough was 
then applied to a nickel column containing an Nova-1 histi- 
dine-tagged fusion protein. After washing, Nova-1 fusion pro- 
tein, together with bound RNA, was affinity eluted in 1.0 M 
Imidazole. In this way, we were able to monitor the coordinate 
elution of protein and RNA (Fig. lA) and found that the 
fraction of RNA bound to Nova-1 rose from essentially unde- 
tectable in the initial pool (<0.05%) to -87% after seven 
cycles of selection (Table 1). 

Sequencing of individual PGR clones obtained after the sev- 
enth round of RNA selection identified a clear RNA consensus 
sequence (Fig. IB). There were two components to the con- 
sensus, a structural element (an inverted stem sequence) which 
bounded a sequence-specific element (a loop sequence), which 
together accounted for nearly the full 52 randomized nucleo- 
tides present in each clone of the library RNA. The stem 
consisted of an average of 13 bp in each arm; there was no 
apparent sequence similarity between the stem of any two 
clones. The loop element contained a conserved sequence mo- 
tif that was nearly identical in each of the 1 1 clones and con- 
sisted of a pyrimidine-rich consensus sequence of a core of 
three UCAU repeats. Six of eleven clones matching the con- 
sensus sequence contain three UCAUs. and four of the five 
remaining clones have two UCAUs and a third NCAU. The 
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TABLE 1. Multiple selection qrcles yield Nova-1 RNA ligand^ 

Nova- 1 -bound RNA 
Selection round (% of input) 

I :£a05 

2 ND 

3- 0,26 

4 3.4 

5 10.2 

6 51.0 

7 87 

^ Percentages of total RNA input which specifically eluted with Nova- 1 protein 
for each round of RNA selection are shown. The fraction of RNA bound to 
Nova-1 in each cycle of selection was calculated by dividing the number of counts 
eluted with Nova-1 protein by the number of counts loaded onto the Nova-1 
column. In round I. RNA was eluted in batch from the Nova column by phenol 
extraction. ND. not determined. 



UCAU repeats were separated by zero to two nucleotides; 
while these sequences were preferentially (--75%) pyrimi- 
dines, this frequency was not statistically significant, and evi- 
dence presented below suggests that pyrimidines between the 
UCAU repeats are not essential for Nova-1 binding. Therefore 
we have designated the Nova-1 consensus RNA ligand 

1UCAU(N) 0.213. 

To characterize the Nova-1 -RNA interaction, and to map 
the domains of Nova-1 which are responsible for recognition of 
the [UCAU(N)o_2]3 element, we quantitated binding of a se- 
lected RNA clone (SB2) to full-length Nova-1 fusion protein 
(NFP) or to Nova-1 deletion constructs containing either the 
first (Nl). first and second (Nl-2). or third (N3) KH domains. 
In a filter binding assay. NFP demonstrated high-affinity satu- 
rable binding to SB2 (/C^of -20 nM in 0.5 M LiCl and of 
of -2 nM in 0.1 M LiCl [Fig. 2 A and data not shown]). The 
affinity of N3 for SB2 was reduced approximately 10-fold (/C^of 
-180 nM in 0.5 M LiCl and K^oi -10 nM in 0.1 M LiCl), 
while neither Nl, Nl-2, nor an N3 protein carrying a single 
(leucine-to-asparagine) point mutation (N3 L213N [10]) 
showed detectable binding to SB2 (Fig. 2 A). Thus, Nova-1 
binds to SB2 with high affinity, and this interaction is mediated 
at least in part by KH3. 

We analyzed the sequence specificity and the structural re- 
quirements for Nova-1 binding to the [UCAU{N)o_2l3 RNA 
ligand by quantitating its interaction with a series of SB2- 
derived mutant RNA ligands. While NFP showed high-affinity 
binding to SB2, there was no binding to an RNA (SB2A3U) 
in which the (UCAU) 3 element was mutated to (UCUU)3 
(Fig. 2B). In addition, NFP binding to SB2 was competed with 
an excess of cold SB2 RNA (50% inhibition with a ~ 12-fold 
molar excess of competitor) but could not be competed with an 
excess of SB2A3 U RNA (see Fig. 4C). A structural mutant, in 
which base pairing in the stem sequence was eliminated while 
the [UCAU(N)o_2l3 sequences were unchanged, showed a 
threefold reduction in binding of NFP (Fig. 2B) . These results 
were confirmed by gel shift assays. Figure 2C shows that the 
SB2 RNA was almost completely shifted after binding to NFP 
but unaffected following incubation with an equimolar amount 
of an irrelevant control protein (amino acids 270 to 413 of cdr2 
[16. 16al). In contrast, the mutant SB2A3U RNA showed no 
gel shift when bound to NFP (Fig. 2C). We also found that the 
SB2-NFP complexes could be supershifted by using Nova-1 
antibodies (Fig. 2C). SB2-NFP complexes were not shifted 
when incubated with preimmune antiserum or an irrelevant 
affinity-purified antibody, and anti-Nova-1 antibodies alone did 
not shift SB2 RNA (Fig. 2C and data not shown). We conclude 
that Nova-1 is a sequence-specific RBP. The preferred Nova-1 
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FIG. 2. Nova- 1 Is a sequence-specific RBP. (A) Nova-1 binding to an RNA 
selecUon ligand (SB2). RNA binding of full-length and truncated Nova-l pro- 
teins was determined in 0.5 M LiCl by a filter binding assay (see Materials and 
Methods). Full-length NFP and the N3 domain proteins bound with K^^ of -20 
and 100 nM. respectively. Proteins Nl. Nl-2. and N3 L21 3N show no binding. 
(B) Sequence-specific binding of Nova-1 to Uie RNA selection ligand. Filter 
binding assays were used to compare the binding of NFP to the wUd-type RNA 
selection ligand SBZ or SBZ-derived mutant RNAs. In SB2A3U RNA. the 
UCAU repeats have been mutated to UCUU, and In SB2 stem RNA. the base 
pairing of the stem has been disrupted by oUgonucleotlde-dlrected mutagenesis 
(the 3' SBZ stem- RNA sequence is UCAU CAAG GGyCUAACGCG£U. 
where the Uiird UCAU of SBZ is In boldface and SBZ mismatches are under- 
lined). There is no detectable binding to an irrelevant RNA transcribed from a 
random library clone (-). (C) Gel shift analysis of Nova-1 protein. SBZ RNA or 
SB2A3U muunt (mut) ^^P-labeled RNA was transcribed in vitro and incubated 
with 1 pmol of NFP or irrelevant protein (C). and complexes were run on 
nondenaturing polyacrylamlde gels. These complexes were supershifted with 
affinity-purified rabbit anti-Nova- 1 antibodies (N) but not with preimmune se- 
rum (C). No significant amounts of label were evident In the wells of any 
gel-shifted reaction (data not shown). 



RNA ligand is a stem-loop RNA; the loop sequence is the 
major determinant of Nova-1 binding, while the stem is not 
essential for binding. 

To further define the sequence requirements for high-affin- 
ity Nova-1 RNA binding, we generated small RNAs consisting 
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1 2 3 4 5 6 7 8 

RNA: UCAUUUUCAUUUOCAU ucuuuuucauuuucau 



FIG. 3. Gel shift analysis of [UCAU(N)o_2l3 or a mutant loop RNAs bound 
to NFP. Increasing amounts of NFP (0, 0.5. 1.5. and 5 pmol. respectively, in lanes 
1 to 4 and 5 to 8) were Incubated with 200 fmol of ^^P-labeled RNA and analyzed 
by nondenaturing polyacrylamide gel electrophoresis. The RNA used In lanes 1 
to 4 consists of the loop sequence indicated below the lanes. The RNA used in 
lanes 5 to 8 consists of the loop sequence with a single A 3 U mutation and is 
indicated below the lanes. UCAU repeats in the RNAs are in boldface. The 
mutated nucleotide is underlined. All loop RNAs contain a 5' leader sequence 
(AGG) needed for efficient T7 transcription. 



of the [UCAU(N)(^2l3 ^oop sequence or a series of mutant 
loop RNAs and assayed their binding to Nova-1 by gel shift 
and filter binding assays. Gel shift assays with the [UCAU(N)o„ 
2)3 loop RNA revealed a shifted RNA species present at the 
lowest amount NFP tested (0.5 pmol) that increased with in- 
creasing NFP concentration. Gel shift assays with an RNA in 
which a single UCAU repeat was mutated to UCUU yielded a 
shifted species only with a 10-fold-higher concentration of NFP 
(Fig. 3). These data also demonstrate that the NFP-loop se- 
quence RNA (a 21-mer) complex migrated predominantly as a 
single species, in contrast to migration of NFP-SB2 RNA com- 
plex, which migrated as multiple shifted species (Fig. 2C). 
These data suggest that the isolated loop RNA is unable to 
support protein multimerization and consequently that Nova-1 
multimerization is not essential for high-affinity binding; alter- 
natively, the multiple bands in our gel shift (Fig. 2C) could reflect 
heterogeneity in RNA secondary structure. Taken together, 
these results confirm that NFP binds the lUCAU(N)a.2]3 RNA 
loop sequence specifically and with high affinity. 

We next assayed the binding of NFP and N3 to a series of 
|UCAU(N)(j_2]3 loop RNAs harboring specific nucleotide sub- 
stitutions (Table 2). An A-to-U residue substitution within any 
one of the three UCAU repeats reduced binding approxi- 
mately ninefold, consistent with results of the gel shift assay 
using this mutant (Fig. 3 and data not shown). Substitution of 
two of three A's with U's completely abolished binding (Table 
2). This result demonstrates that Nova-1 is not simply a poly- 
pyrimidine tract binding protein but requires specific purine 
residues to be present within a pyrimidine-rich sequence. Sub- 
stitution of any of the C. A, or second U nucleotides within 
each of the three repeats completely eliminated binding, while 
substitution of the first U within each repeat reduced binding 
7- to 12-fold (Table 2). Although the selected RNAs prefer- 
entially harbor pyrimidines between UCAU repeats (Fig. IB), 
these sequences could be substituted by A residues with no 
significant change in binding affinity (Table 2). Thus. Nova-1 
RNA binding is sequence specific: three intact UCAU repeats 
are necessary and sufficient for high-affinity binding. 

We used the consensus RNA selection sequence to search 
GenBank by using the BLAST server, to search a database of 
neuron-specific alternatively spliced exons (59). and to search 
our own Nova-1 genomic sequence data. These searches ini- 
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*The indicated RNAs were in vitro transcribed from DNA oligonucleotides 
containing T7 RNA polymerase promoter sequences. All loop RNAs also con- 
tain a 5' leader sequence (AGG) needed for efficient T7 transcription. The 
values are indicated for NFP and N3 binding to RNAs in 0.5 M LiCl: dashes 
indicate no significant binding {/<a » 5 jiM). K^fi were determined by filter 
binding assays. 



tially identified only two potential in vivo Nova-1 RNA binding 
sites, one within an intron of the GlyR a2 pre-mRNA (35) and 
one within the Nova-1 pre-mRNA itself (Fig. 4A). The GlyR 
a2 intron has three distinct UCAU repeats, each separated by 
two nucleotides (three-fourths are pyrimidines). A fourth 
UCAU repeat overlaps the first and second in a pattern similar 
to that seen in RNA selection clone SB31 (Fig. IB). In the 
mouse Nova-1 intron, there are two UCAU repeats separated 
by four pyrimidines, followed by five nucleotides (three of 
which are pyrimidines) and a CCAU repeat. In both genes, the 
UCAU sequences are present in potential stem-loop structures 
and are adjacent to alternatively spliced exons (80 bp upstream 
of GlyR ol2 exon 3 A [35] and 8 bp downstream of Nova-1 exon 
H [reference 9 and Fig. 4A]). In Nova-1, the UCAU element 
lies within a 35-nucleotide intronic sequence which is 95% 
identical between human and mouse. In both the GlyR a2 and 
Nova-1 pre-mRNAs. the sequence CAGU is present one nu- 
cleotide upstream of the first UCAU. and a pyrimidine-rich 
stretch (seven of eight nucleotides in GlyR a2 RNA. six of 
eight in mouse Nova-1 RNA. and seven of nine in human 
Nova-1 RNA) is present downstream of the UCAU element. 

We cloned these regions of the GlyR a2 and Nova-1 genes 
and in vitro transcribed them for RNA binding studies. Dele- 
tion analysis of the glycine receptor RNA mapped the Nova-1 
binding site to a 50-bp region containing the UCAU motif 
(data not shown). Nova-1 bound SB2, GlyR a2. and Nova-1 
RNAs in identical manners in the filter binding assay {K^ of 
20. 20. and 15 nM. respectively, in 0.5 M LiCl [Fig. 4B]). 
Mutation of the GlyR aZ RNA (UCAU)3 repeats to (UAAU)3 
eliminated Nova-1 protein binding as did mutation of the No- 
va-1 pre-RNA (UCAU)3 repeats to (UACU)3 (Fig. 4B). In 
addition. Nova-1 protein binding to GlyR a2 RNA could be 
competed by an excess of SB2 RNA but not by the mutant 
SB2A3U RNA (Fig. 4C). These results demonstrate that No- 
va-1 binds to both the GlyR a2 and Nova-1 RNAs in vitro with 
high affinity via the [UCAU(N)o_2]3 niotif. 

Previously, we had shown that POMA antibodies target the 
third KH domain of Nova-1 and can disrupt the low-affinity 
binding {K^of -300 nM) of Nova-1 to polyribohomoguanine 
RNA in vitro (10). Having identified the third KH domain of 
Nova-1 as both necessary and sufficient for sequence-specific 
binding, we tested whether POMA antibodies could disrupt 
the sequence-specific interaction between Nova-1 and the 
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FIG. 4. Nova protein binds to GlyR o2 and Nova-1 RNAs. and binding can 
be inhibited by paraneoplastic antibodies. (A) Alignment of in vivo (UCAUCNVzla 
elements with SB2. UCAU elements present in the rat GlyR aZ (35) and Nova-1 
genomic DNA sequences are shown aligned with UCAU elements (boldface) 
present in RNA selecUon clone SB2 (from Fig. IB), with gaps Indicated by dots. 
Nova-1 genomic sequences were determined from human (hum) and mouse 
(mus) genomic libraries. The Nova-i UCAU elements are present within an 
intron (IVS) 8 nucleotides downstream of an alternatively spliced exon (exon H 
[9]). and the GlyR aZ sequences are present -80 nucleotides upstream of 
alternatively spliced exon 3A (35). (B) NFP binds to |UCAU(N)o.2l3 elements in 
GlyR a2 and Nova-1 RNAs in vitro. Fragments of the GlyR a2 and Nova-1 genes 
encoding putative Nova-1 binding elements were transcribed in vitro and used in 
filter binding assays with NFP. NFP bound to GlyR a2 (squares), Nova-1 (open 
circles), and SB2 RNAs (diamonds) was saturable with a -20 nM (standard 
deviation, -2 nM). Mutation of the UCAU elements in either GlyR aZ (closed 
circles) or Nova-1 RNAs (triangles) eliminates binding, wt. wild type: mut. 
mutant. (C) NFP binding to the GlyR aZ can be competed with SB2 RNA. NFP 
(1.6-pmol) was incubated with 50 fmol of radiolabeled ligand (GlyR aZ or SB2) 
and increasing amounts of unlabeled competitor RNA (SB2 or SB2A3 U). NFP 
binding to either SB2 (open squares) or the GlyR aZ RNA (open triangles) was 
50% competed by a -1:2 molar ratio of unlabeled competitor to NFP. which 
corresponds to a ~ 12-fold molar excess of unlabeled SB2 relative to radiolabeled 
ligand. An excess of cold SB2A3U mutant RNA failed to compete binding of 
NFP to either radiolabeled SB2 (closed diamonds) or GlyR aZ (inverted trian- 
gle). (D) NFP binding to GlyR a2 and Nova-1 pre-mRNAs can be inhibited by 
disease antibodies (Ab). Preincubation of NFP with increasing amounts of af- 
finity-purified disease antibodies (POMA) leads to complete Inhibition of RNA 
binding. Preincubation with similar concentrations of affinity- purified cerebellar 
degeneration antibodies (Control) had no affect on RNA binding. 




FIG. 5. Nova protein colmmunoprecipitates of with GlyR a2 and Nova-1 
pre-mRN As. Immunoprecipltations of mouse brain were performed as described 
previously (60) with affinity-purified rabbit anti-Nova- 1 antibodies (Nova) or 
controls, including protein A-Sepharose (P.A.). paraneoplastic cerebellar degen- 
eration serum (Yo). paraneoplastic antiserum directed against the Hu family of 
n-RBPs (Hu). affinity-purified rabbit antl-p-NAP antibodies, or preimmune se- 
rum (P.I.) as Indicated. RNA present in the precipitates was phenol extracted as 
described previously (60) and subjected to RT-PCR amplification with the indi- 
cated primers. Nova and GlyR aZ primers bordered the putative Nova-1 binding 
site, and all PCR products were between 100 and 200 nucleotides in length (see 
Materials and Methods), RNA present in each Immunoprecipitate was also mock 
amplified without reverse transcriptase (shown only for the Nova immunopre- 
cipitate; -) as a control to ensure the RNA dependence of RT-PCR product 
Genomic DNA was amplified (+) to ensure primer fidelity. The fidelity of each 
immunoprecipitation was confirmed by Western blot anatysis (data not shown). 



high-affinity GlyR a2 or Nova-1 RNA ligand. Preincubation of 
Nova-1 protein with affinity-purified POMA antibodies strongly 
inhibited Nova-1 binding to both RNAs; a threefold molar excess 
of antibody reduced RNA binding 80% (Fig. 4D). Nova-1 
binding to GlyR a2 was unaffected by the presence of irrele- 
vant autoimmune antibodies, and incubation of RNA with 
antibodies alone did not lead to RNA degradation (data not 
shown). Thus. POMA antibodies are capable of disrupting the 
high-affinity interaction of Nova-1 and its RNA ligands. 

Immunoprecipitation in combination with nucleic acid se- 
quence analysis permits the identification of specific in vivo 
ligands for nucleic acid binding proteins. In previous studies, 
this method has been used to identify the RNA ligands of 
autoimmune target antigens and DNA elements bound by 
transcription factors (see Discussion). To determine whether 
Nova-1 is bound to GlyR a2 and Nova-1 pre-mRNAs in vivo, 
we immunoprecipitated crude nuclear extracts of mouse brain 
with affinity-purified rabbit anti-Nova-1 antibodies. Immuno- 
precipitates were phenol extracted, and RNA was reverse tran- 
scribed and PCR amplified with primers specific for GlyR a2. 
Nova-1, or a series of abundantiy expressed neuronal pre- 
mRNAs. Nova-1 -immunoprecipitated RNA gave strong RT- 
dependent PCR products witii botii GlyR a2 and Nova-1 primers 
but not witii control primers (Fig. 5). Control immunoprecipita- 
tion with antiserum that recognizes a different family of abun- 
dantiy expressed n-RBPs (Hu) yielded no detectable bound 
GlyR a2 RNA or Nova-1 RNA. Similarly, inmiunoprecipita- 
tions with preimmune rabbit serum, normal human serum, 
paraneoplastic cerebellar degeneration anti-Yo antibodies, or 
an irrelevant affinity-purified rabbit antibody to an abundant 
neuronal autoantigen (anti-p-NAP [45]) failed to immunopre- 
cipitate neuronal RNAs. These immuhoprecipitations demon- 
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strate that Nova-1 binds specifically to the GlyR a2 and Nova-1 
pre-mRNAs in vivo and offer an opportunity to identify addi- 
tional in vivo ligands. 

DISCUSSION 

Nova-l is a sequence-specific KH-type RBP. We have shown 
that Nova-1, a neuron-specific KH-type RBP (9, 10). binds to 
stem-loop RNAs in a sequence-specific manner in vitro and in 
vivo. By using affinity elution and stringent binding conditions 
in our RNA selection protocol, we have identified relatively 
long sequence-specific pyrimidine-rich RNAs that bind Nova-1 
with nanomolar affinity. At least 11 nucleotides in the consen- 
sus loop sequence are necessary and sufficient for high-affinity 
binding, while the stem element confers approximately a three- 
fold increase in binding affinity but is not essential for binding. 
Although the high divalent cation concentration present in our 
RNA selection binding buffer may have promoted selection of 
RNA ligands harboring stem elements, we note that a number 
of RBPs bind stem-loop structures both in vitro and in vivo. 
These include the interactions between Rev and the Rev-re- 
sponsive element (27. 31) and between the Ul-A protein and 
UlA RNA (51. 52, 64) and the interactions between the L32 
RNA (68) and Epstein-Barr virus RNA 1 (17, 63) ligands and 
their ribosomal proteins (L32 and L22, respectively). In addi- 
tion, the two in vivo Nova-1 RNA ligands that we have iden- 
tified are both surrounded by potential stem structures, as 
assessed by the Zuker RNA folding algorithm (AG ^ -15 
[data not shown and reference 71]). 

The length of the loop sequence element identified for No- 
va-1 compares favorably with those of core consensus RNA 
ligands identified for other RBPs, which typically consist of six 
to nine nucleotides (12. 29. 36, 62). Based on our mutagenesis 
of the consensus in vitro Nova-1 RNA ligand and the se- 
quences of the in vivo Nova-1 RNA ligands. at least 11 specific 
pyrimidine-rich nucleotides present in three repeats appear to 
be strictly necessary for high-affinity binding. These repeats are 
interspersed by sequences varying in length that are preferen- 
tially (-75%) pyrimidines in both the in vitro RNA selection 
clones and the in vivo Nova-1 and GlyR al pre-mRNAs. sug- 
gesting a Nova-1 RNA binding consensus sequence of 
[UCAU(Y)o-2UCAU(Y)o.4NCAUl. although a more conser- 
vative consensus eliminating the pyrimidine bias is [UCAU(N)o_ 
4)3. The length of this sequence suggests a limited set of potential 
in vivo targets, on the order of 1/4*^ (with no interspersed 
pyrimidines). Considered in the context of the length of the 
mammalian genome (---3 X 10° nucleotides), the length of the 
Nova-1 consensus sequence suggests that there are on the 
order of tens to perhaps hundreds of possible high-affinity 
binding sites within the genome. This limited target range 
increases the relevance of the in vivo Nova-1 RNA targets that 
we have identified. 

KH domains are thought to be involved in RNA binding (10, 
11. 56). A large number of KH-type RBPs have been identified 
since the motif was recognized in 1993 (57). These include the 
mammalian hnRNP proteins (e.g.. hnRNP K) that are thought 
to be important for the processing of RNA (19) and FMR-1. 
the fragile-X gene, for which loss of function mutations lead to 
severe mental retardation (58). However, none have previously 
been demonstrated to bind RNA with sequence specificity. 
Tlie functions of a number of KH domain-containing proteins 
in yeast and invertebrates have been described. MER-1 is a 
yeast RBP that mediates meiosis-specific alternative splicing of 
the ME/?--? gene, and PSI is a Drosophila protein that inhibits 
formation of a functional splice variant of the P-element trans- 
posase in somatic tissues (54). More recently, the mammalian 



splicing factors SF-1 (2) and KSR (41) have been cloned and 
found to contain one and four KH domains, respectively. In 
addition, the Drosophila Bicaudal-C (Bic-C) and the Caeno- 
rhabditis eiegans MEX-3 KH domain-containing proteins have 
been suggested to have roles in RNA localization. In several of 
these instances, the KH domains themselves are thought to 
play critical roles in the function of these RBPs. A point mu- 
tation (I367N) within the second KH domain of FMR-1 results 
in severe mental retardation, and mutations within the con- 
served regions of KH domains of gid-l a gene required for 
oocyte development in C. eiegans, MEX-3, and Bic-C lead to 
loss of protein function (18. 32. 39). It is thought that such 
mutations within the KH domain alter exposed residues within 
a flexible loop that may directly contact RNA (42. 44). Our 
observations that the N3 Nova-1 construct containing only the 
third KH domain of Nova-1 is sufficient to mediate binding to 
SB2 and that a point mutation (analogous to the FMR-1 mu- 
tation) within KH3 abrogates this binding (Fig. 2A) demon- 
strate that the Nova-1 KH3 domain mediates sequence-specific 
RNA binding. However, our results do not rule out the possi- 
bility that additional residues present in our N3 construct out- 
side the 36- to 38-amino-acid KH3 domain also interact with 
RNA ligands or that residues absent from our N3 construct 
(e.g., in the spacer region upstream of KH3) are involved in 
high-affinity RNA binding (Fig. 2A). 

Identification of in vivo Nova-1 RNA ligands. We have 
found evidence that the Nova-1 protein interacts with GlyR a2 
and Nova-1 pre-mRNAs in vivo by coimmunoprecipitation and 
RT-PCR analysis. In previous studies. protein-RNA coimmu- 
noprecipitation has been used to purify and identify the RNA 
ligands of numerous autoimmune target antigens (e.g.. 
snRNPs. Ro. and La [60]). This approach has also been used to 
identify DNA elements bound by transcription factors (e.g., 
ultrabiothorax. thyroid hormone receptor, and Myc/Max DNA 
binding elements [7. 23. 24]). Presumably as a result of the 
low-abundance ligands bound to Nova-1, we were unable to 
directly identify bound RNA ligands (8a) but were able to 
analyze candidate RNA ligands by RT-PCR analysis. 

The biology of the candidate Nova-1 RNA ligands (GlyR ctl 
and Nova-1 pre-mRNAs) are consistent their binding Nova-1 
protein in neurons. Both RNAs are expressed in Nova-1 -ex- 
pressing cells. Expression studies demonstrate that GlyR ot2 
mRNA is expressed in many brain regions which coexpress 
Nova-1, including midbrain, brainstem, and spinal cord in em- 
bryonic development and continuing into the adult (4). Single- 
cell studies reveal that Nova-1 protein and GlyR ot2 mRNA are 
coexpressed within motor neurons in the spinal cord (9, 46. 
63a). An interaction between Nova-1 protein and its own pre- 
mRNA would suggest that Nova-1, like many other RBPs in 
Drosophila and mammals (6. 8, 47). may regulate posttran- 
scriptional processing of its own RNA. Our finding of specific 
polypyrimidine-rich RNA elements to which Nova-1 binds in 
vivo suggests potential functions for the Nova-1 protein. While 
polypyrimidine binding proteins have been implicated in the 
regulation of polyadenylation. translation, and stability (43). 
their best-characterized role is in the regulation of pre-mRNA 
splicing. The ubiquitous polypyrimidine tract binding protein 
U2AF is an essential splicing factor that binds to polypyrimi- 
dine tracts upstream of exon splice acceptors to recruit the U2 
snRNP to the splice acceptor site (67). In Drosophila, the sxl 
protein binds to a specific polypyrimidine-rich RNA that is 
interspersed with several purine residues (55). Poor polypyri- 
midine tracts upstream of alternate splice sites in the tra pre- 
mRNA bind relatively weakly to U2AF. which is displaced by 
sxh leading to alternate splice site selection (67). Similarly, 
polypyrimidine tract binding protein is believed to function as 
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a splice inhibitor by binding polypyrimidine tracts (37). It is 
noteworthy that the (UCAUY)3 elements in both the GlyR aZ 
(35) and Nova-1 (9) pre-mRNAs are adjacent to exons that 
undergo alternative splicing in neurons and that a number of 
KH domain-containing RBPs in invertebrates and mammals 
act as alternative splicing regulators. Taken together, these 
data suggest that one role of Nova-1 may be to regulate alter- 
native splicing in neurons. 

Nova-1 and neurologic disease. The interaction of Nova-1 
with an inhibitory glycine neurotransmitter receptor RN A may 
be important in the development of the paraneoplastic neuro- 
logic disorder. The neurologic symptoms of POMA are attrib- 
utable to a loss of motor inhibition (15. 16. 38). Naturally 
occurring mutations of members of the glycine receptor family 
in both humans and mice (49. 50) lead to myoclonic neurologic 
symptoms similar to those seen in POMA. In hereditary hy- 
perekplexia, a human myoclonic neurologic disorder, various 
point mutations have been found in GlyR otl (53). Similarly, 
the spastic and spasmodic mice have a myoclonic phenotype 
and mutations within glycine receptor genes: spasmodic mice 
have point mutations in GlyR al, and spastic mice have splic- 
ing defects due to transposable element insertion within a 
splice junction of GlyR 2B (49, 50). In addition, expression of 
a wild-type GlyR 2B transgene in spastic mice rescues the 
myoclonic phenotype (26). These observations suggest the pos- 
sibili^ that the neurologic disease in POMA results from ab- 
errant regulation of glycine receptor expression. 

The observation that Nova-1 binding to GlyR a2 RNA in 
vitro is abrogated by POMA disease antibodies (Fig. 4D) sug- 
gests a potential mechanism of neuronal dysfunction in these 
patients: binding of POMA antibody to Nova-1 protein might 
disrupt the interaction between the Nova-1 protein and GlyR 
a2 pre-mRNA, Since Nova-1 recognizes GlyR a2 pre-mRNA 
sequences upstream from the alternatively spliced exon 3A, 
disruption of Nova-1 function could result in altered ratios of 
the mutually exclusive exons 3A and 38. Although no specific 
function has been assigned to these alternatively spliced exons. 
they encode highly related 22-amino-acid domains present on 
the extracellular region of the receptor, suggesting that these 
domains may modify receptor-ligand interactions. Such a 
mechanism presupposes that anti-Nova antibodies are able to 
gain access to neurons, a process for which there is no direct 
evidence. However. Nova antibodies are present in high titer in 
the cerebrospinal fluid of POMA patients (9. 38). Moreover, 
some data have suggested that autoantibodies can penetrate 
living cells, including reports that antiribonucleoprotein anti- 
bodies may reach intranuclear antigens and that antineuronal 
antibodies can penetrate neurons (reviewed in references 1 
and 16). 
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The hnRNP C proteins (C1/C2) are tenacious nuclear 
pre-mRNA-binding proteins that belong to the large 
RNP motif family of RNA-binding proteins. This motif 
identifies an RNA-binding domain (RBD) that consists of 
a four-stranded antiparallel /3-sheet packed against two 
o-helices. Despite considerable information on* the 
structure of the hnRNP C RBD, little is known about its 
RNA-binding properties. To address this we used in vitro 
selection/amplification from pools of random sequence 
RNA to determine the RNA-binding specificity of hnRNP 
CI. After 8 rounds of selecstion/amplification nearly all 
RNAs contained contiguous stretches of at least 5 U resi- 
dues, and filter-binding assays demonstrated that this 
sequence constitutes a high-afiinity (K^ » 170 nu) bind- 
ing site for hnRNP CI. The highest affinity we measured 
for hnRNP CI was for r(U)„ (Kj o 14 rm). An RBD-con- 
taining peptide fragment of hnRNP CI (amino acids 
2-94) boimd oligoribonucleotides containing an hnRNP 
CI high-affinity binding site with nearly equal affinity 
to that of hnRNP CI, Unlike hnRNP Cl, however, this 
peptide also bound oligoribonucleotides that do not con- 
tain high-affinity hnRNP Cl-binding sites. We identified 
a region of 10 amino acids, immediately COOH-terminal 
to the RNP motif (amino acids 95-104), that prevents the 
ml^imiil RBD from binding nonspecific RNA ligands. We 
propose that the highly conserved ^a^0a^ core struc- 
ture of the RNP motif RBD confers a general RNA bind- 
ing activity to RNP motif RBDs and that the determi- 
nants of RNA-binding specificity reside in the most 
variable regions, the loops connecting the 0-strand8 
and/or the contiguous N!^ and COOH termini of the 
RBD. 



Nascent pre-messenger RNA (pre-mRNA), or heterogeneous 
nuclear Chn)RNA,* associates with nuclear RNA-binding pro- 
teins upon its emergence from the RNA polymerase II complex. 
These proteins, which bind pre-mRNA and are not stable com- 
ponents of other nuclear structures (e.^. small nuclear ribo- 
nucleoproteins), are collectively termed hnRNP proteins (Drey- 
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fuss, 1986; Dreyfuss et al, 1993; Gdrlach et al., 1993). Most, if 
not all hnRNP proteins bind BNA directly (Cobianchi et aL, 
1988; Merril et al, 1988; Pinol-Roma et a/., 1988; Swanson and 
Dreyiuss, 1988a, 1988b; Wlusz et al., 1988; Wlusz and Shenk 
1990; Matimis et al, 1992, 1993; Bennet et a/., 1993) and in 
doing so, they can influence RNA-processing reactions and, 
ultimately, gene expression. 

The hnRNP C proteins (CI and C2) are very abundant nu- 
clear proteins, and they are among the most avid pre-mRNA- 
binding proteins in human (HeLa) cells and several lines of 
evidence suggest that they bind RNA with sequence specificity 
(Pifiol-Roma et al, 1988; Swanson and Dreyfiiss 1988a, 1988b; 
Wilusz and Shenk, 1990). They bind poly(U) tenaciously and 
can bind oligo(U) stretches found in natural RNAs (Swanson 
and Dreyfuss 1988a, 1988b; Wilusz et al, 1988; Wilusz and 
Shenk 1990). A recent NMR study with the hnRNP C RBD 
(amino acids 2-94) foiind that it binds oligo-r(U)a with a X], in 
the range of 1-15 um (Gdrlach et al, 1992). 

Many hnRNP proteins, including hnRNP CI and C2, belong 
to a family of RNA-binding proteins which share an evolution- 
aiy conserved region of 90^100 amino acids termed the RNP 
motif, the hallmarks of which are the RNP 1 octamer and the 
RNP 2 hexamer consensus sequences (Dreyfuss et al,, 1993) 
(also called RRM (Query et al , 1989) or RNP 80 (Matt^, 1989; 
Bandziulis et al , 1989; Kenan et al , 1991). The RNP motif RBD 
has been shown to be a bona fide RNA-binding domain (Query 
et al., 1989; Scherly et al, 1989, 1990a; Lutz-Preyermuth et al, 
1990; Nietfeld et al., 1990; Burd et al, 1991). Recent structural 
analyses of the NHa-terminal RBD of snRNP UlA protein 
(UlA) and the hnRNP C proteins RBD have shown that the 
domain has a fiafi^p structure and that it folds into a four- 
stranded antiparallel ^-8heet which is packed against two 
a-helices. Amino acids of RNP 1 and RNP 2, which interact with 
RNA (Merrill et al, 1988; Schwemmle et al, 1989). are juxta- 
posed on the two central P-strands of the folded RBD (Nagai et 
al, 1990; Hoffman et al, 1991; Wittekind et al, 1992). Many 
residues located on the ^-sheet (Scherly et al, 1989; Surowy et 
al, 1989; Nagai et al, 1990; Jessen et alt 1991) and in the 
flanking amino- and carboxyl-terminal regions probably inter- 
act with BNA (Gdrlach et al, 1992). 

An important question concerning RNP motif proteins cen- 
ters around the elements which confer RNA-binding specificity. 
A m^or determinant of UlA and snRNP U2B'' (U2B'') RNA- 
binding specificity is the loop connecting P2 and P3 (loop 3). 
Replacing this loop in UlA with the analogous one of U2B'' 
confers U2B" specificity to UlA (Scherly et a/., 1990a). How- 
ever, 026" and the hybrid UlA protein need an auxiliary pro- 
tein (snRNP U2A') to specifically bind the cognate RNAligand 
(Scherly et al, 1990a, 1990b). In contrast, the RBD of the 
hnRNP C1/C2 proteins lacks loop 3 (Swanson et al, 1987; 
Bandziulis et al, 1989; Burd et al, 1989; Kenan et al, 1991; 
Wittekind et al, 1992) indicating that it is not essential for the 
RNA binding activity of all RNP motif proteins. 
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In order to better understand the RNA binding activity of 
hnRNP CI, and RNP motif proteins in general, we determined 
the RNA-binding specificity of hnRNP CI by in vitro selection/ 
amplification (TVierk and Gold, 1990). The affinities for differ- 
ent RNA sequences of hnRNP CI and two protein fragments 
containing its RBD were determined. The results demonstrate 
that 10 amino acids immediately carboxyl-terminal to the mini- 
mal RBD of hnRNP CI are primarily responsible for sequence 
specific RNA binding. 

MATERIALS AND METHODS 
In Vitro Selection ofRNA-^In vitro selection/ampUfication from pools 
of RNA oligomers randomized in 20 positions (Toerk and Gold, 1990) 
with purified hnRNP CI. which was immobilized via the monoclonal 
antibody 4F4 (Choi and Dreyfuss, 1984) on protein A-Sepharose (Phar- 
macia Biotech Inc.), were performed as described elsewhere (Burd and 
Dreyfuss, 1994). Eight rounds of selection/amplification were carried 
with 30 pmol of hnRNP 01 and a RNA to protein ratio of 100:1 in the 
first round; this ratio varied in subsequent rounds between 100:1 
and 25:1. 

Binding Assays— Binding of in vitro transcribed and translated 
hnRNP CI and the RBD polypeptides K94 and M104 to Sepharose- 
Unked poly(rU) was carried out at 1 M KCl as described in Swanson and 
Dreyfuss (1988a). Filter-binding assays using S'-'^P-labeled RNA oligo- 
nucleotides were carried out in 20 pi of binding buffer (10 mM Hepes- 
KOH, pH 7.4, 100 mM KCl, and 2.5 mm MgClj) at 30 »C for 30 or 5 min 
(binding was saturated after 1 min, data not shown). 16 pi of the 
reaction was spotted onto Millipore HAWP 02500 nitrocellulose filters 
pre-washed with 5 ml of binding buffer. The filters were washed with 1 
ml of ice-cold binding buffer once at a negative pressure of 15-20 Hgf 
square inch. Filter-bound RNA was measured by liquid scintillation 
counting and the amount of bound RNA was plotted as fraction of the 
RNA bound at saturation (typically 60-100% of input RNA) against 
protein concentration. Binding curves derived from at least three inde- 
pendent binding experiments were fitted using the curve fitting routine 
provided with SigmaPlot (Jandel Scientific, San Rafael^ CA). The con- 
centration of protein active in these assays was determined at saturat- 
ing protein concentration titrating in an excess of RNA (Wltherell and 
Uhlenbeck. 1989). The fitted binding curves which were corrected for 
the active fraction of protein in the binding assay were used to deter- 
mine the apparent dissociation constant {K^) which is the concentration 
of protein required for 50% saturation of binding (Kelly et <U., 1976). 

Gel Electrophoresis— hAheled RNA oligonucleotides were analysed 
on 18% polyacrylamide. 7 h urea gels (Sambrook et al., 1989) and 
NaDodecylS04-polyacrylaniide electrophoresis and fiuorography was 
carried out as described (Dreyfuss et al»t 1984). 

Cells, DNA, RNA, PrtOein Ouercgiression— Deletional mutants of the 
hnRNP CI cDNA and constructs for the overezpression of hnRNP CI 
and its RNA-binding domain (RBD) derivatives were derived from 
pHC12 (Swanson et al, 1987) by using appropriate restriction enzymes 
or polymerase chain reaction. Heat-inducible overexpression of hnRNP 
CI in Escherichia coli was achieved using the pRC 23 (Crowl et a/., 
1986) system. Overeicpression of the RBD construct K94 encompassing 
the first 94 amino acids of hnRNP Cl and expression of M104 which 
encompasses the first 104 amino acids of hnRNP Cl was carried out in 
E, coli BL21(DE3) with the pET system (Studier et a/., 1990) using 
pET3d for K94 and pETlld for M104. RNA oligonucleotides were syn- 
thesized and purified as described (GK^rlach et a/., 1992). 

Protein /^ri/icatwn— Overexpressed hnRNP Cl was purified firom E. 
coli S30 extracts (extraction bufiiBr: 60 mM Hepes-KOH, pH 7.5, 500 mM 
NaCl, 10 mM NaSjO^, 1 mM dithiothreitol, 1 mM NaEDTA, 1 pg/ml each 
of leupeptin and pepstatin; 0.5% aprotinin, and 10% (v/v) glycerol). The 
extract was centrifiiged at 30,000 x g for 30 min and the supernatant 
was passed through a DEAE^cellulose column and the fiow through was 
directly loaded onto a ssDNA-cellulose column. The ssDNA-cellulose 
was washed extensively with ssDNA buffer containing 50 mM NajHPO^, 
Nadl^POJj, pH 7.6. 0.6 mM dithiotiireitol. 0.2 mM NaEDTA. 10% glyc- 
erol, and 500 mM NaCl and pre-eluted with the same buffer containing 
1 mg/ml heparin (Pinol-Roma et ai, 1988). The hnRNP Cl protein was 
eluted using ssDNA buffer at 2 m NaCl, concentrated by ultrafiltration 
to 3 mg/ml protein, and stored at -80 "C; the protein was approximately 
96% pure as estimated fi^>m Coomassie-stained gels. The K94 RBD and 
the M104 RBD were purified firom E, coli SlOO extracts using extraction 
buffer (see above). The extracts were diluted to a NaCl concentration of 
100 mM (K94) or 160 mM (M104). respectively, with HO-buffer (10 mM 
Hepes-KOH. pH 7.5, 0.2 niM NaEDTA, 10% (vM glycerol), centrifiiged 



at 100.000 X £ for 1 h and the supernatant was loaded onto a 500-ml 
DEAE Sephacel column. The flow through of the DEAE-Sepbacel col- 
umn was directly fed into a 90-ml ssDNA-cellulose column equilibrated 
with HlOO (HO buffer with 100 nm NaCl for K94) or H150 (HO buffer 
with 150 mM NaO for M104). respectively. The ssDNA-cellulose was 
extensively washed and then pre-eluted with 1 mg/w\ heparin in HlOO 
(K94) or H150 (M104), respectively. K94 and M104 were eluted from 
asDNA-cellulose with H500 and dialyzed against HlOO buffer. The dia- 
lyzed protein samples were loaded onto a 90-ml S-Sepharose column 
which was developed with a salt gradient from 100 to 600 mM NaCl in 
H-buffer. Eluted protein was concentrated by (NHJaSO* precipitation at 
80% saturation dialyzed against HlOO without glycerol and fiirther 
concentrated by ultrafiltration up to a concentration of 30 mg/ml and 
stored at 4 **C. The K94 and M104 preparations appear to be homoge- 
neoxis by one- and two-dimensional gel analysis and other criteria (see 
VTittekind eta/. (1992)). 

RESULTS AND DISCUSSION 
RNA-binding Specificity of hnRNP CJ—In order to deter- 
mine the RNA-binding specificity of hnRNP Cl we perfomed 
in vitro selection/amplification experiments using pools of RNA 
oligonucleotides randomized at 20 positions (Tuerk and (Sold, 
1990). In these experiments recombinant hnRNP Cl was bound 
to protein A-Sepharose with a monoclonal antibody (4P4; Choi 
and Dreyfuss (1984)) that reacts with an epitope near the 
COOH terminus of hnRNP Cl.* Immobihzed hnRNP Cl was 
then incubated with a large molar excess of random sequence 
RNA, and bound RNAs were subsequently purified and ampli- 
fied by reverse transcriptase-polymerase chain reaction using 
primers to constant sequences outside the randomized region. 
The resultant DNA was transcribed with T7 RNA polymerase 
and this process was repeated for a total of 8 cycles (Tuerk and 
Gold, 1990; Burd and Dreyfuss, 1994). After the final cycle the 
products were cloned and the sequence of the selected region of 
28 clones was determined (Fig. 1). Most of the selected RNAs 
contain oligo(rU) stretches ranging in length from 5 to 11 U 
residues, the most prevalent being runs of 5 or 6 uridylate 
residues (Fig. 1). A second experiment using RNA oligonu- 
cleotides randomized at 10 positions yielded essentially the 
same results (data not shown). The sequences flanking the 
oligo(rXJ) stretches exhibit variability and the oligo(rU) 
stretches do not reside in a defined position with respect to the 
termini of the 20-mer region, suggesting that the greatest se- 
lective constraint is on the oligo(rU) stretch itself (Fig. 1). 
These experiments suggest that the sequence, UUUUU, is a 
high-affinity binding site for hnRNP Cl. 

lb confirm that the in vitro selection/amplification experi- 
ments identified RNA molecules containing a high-afRnity 
hnRNP Cl-binding Bite(s), we measured the apparent equilib- 
rium dissociation constants {K^) of recombinant hnRNP Cl for 
oligoribonucleotides containing sequences identified in the 
selection/amplification experiments or unrelated (i.e. not se- 
lected) sequences. An oligoribonucleotide (14-mer) derived from 
a selected RNA (CB2, see Fig. 3) which contains a central tODj 
stretch was boimd with an apparent dissociation constant {K^) 
of 170 nM (Fig. 3 and Table I). As many of the selected RNAs 
contain uridine stretches longer than r{XJ\, we also measured 
the affinity of hnRNP Cl for TiV\{, it was bound with 10-fold 
higher affinity {K^ 14 um; Fig. 3 and Table I). Tb determine 
the affinity of hnRNP Cl for nonselected RNA sequences, a 
20-mer derived from the first intron of the human ^-globin gene 
and r(C)i4 were used. Each of these oligoribonucleotides do not 
contain sequences tiiat resemble a putative hi^-affinity 
hnRNP Cl-binding site and they were not significantly bound 
by hnRNP Cl even at the highest protein concentration tested 
(Pig. 3, Cl, and Table I). These results, as well as earlier UV 
cross-linking experiments CWilusz and Shenk, 1990), confirm 
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AUUACCUA 
CUUUA 
GUACUA 
CUUA 
CUA 

GAAAAGUUG 
GAGGUUAUCUA 
GGAGACUA 
GCUAAUCGUA 
CAACA 
CGCUCC 
GACAUUACi 
UUCG 
6AUCGC 
CAGAGCAUCAUUC 
GUCAAC 
G 

UUACAUUAUGC 

CUCA 
CCAUCUGA 
UUAACUA 
UUUUG 
UUAUUC 
GCCUUCC 
GCCACC 
GO 

GCUAAUAGUA 
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CGCUUUU 

UGUAGACCUUUUUUU 

UUACUUUUUACUUUGAC 

UUGUUUUGAUUA 

AAUUUUUAUUUU 

UUUUUUUUG 

UUGCGC 

GCUCUU 

GUGG 

AUAUGUCGC 

UUUUCGCUUGCC 

UUUUUGAGGC 

UCGUACCCCG 

UAUUCUGC 

G 

CACAGGACA 
CCAUCACUCCUCUU 

cu 

GAAUUUCCUUUCCG 

UUUUUAGCCC 

UUUUGC 

UUUUUAC 

liAACCGCGC 

UCCAUUUG 

UCGGUCG 

CCAAUCAC 

CCUUUGUGCCUU 

UGGA 



CONSENSUS UUUUU 

Fig. 1. High affinity substrates of hnRNP CI. Sequenoes selected 
by hnRNP 01 from a pool of RNA oligonucleotides containing 20 ran- 
domized poaitionfl (see "Materials and Methods") are shown. The mini- 
mal length stretches of 5 or 6 uninterrupted uridylate residues are 
aligned and froxed. The sequence from which the CB2 oligoribonucle- 
otide used in the binding experiments was derived is the last sequence 
in this list 

Table I 

Apparent diasocitUion constants (K^) for RNA of hnRNP CI and its 
RED derivatives M104 and KB4 



KNAUgand 


hnRNP CI 


M104 


K94 


CB2 

3<^lobin intron 
i(C)u 


170 
14 
NA- 
ND* 


nu 
470 
400 
NA 
NA' 


450 
630 
660 
2100' 



" NA, not applicable; no binding detected. 
ND, not determined; does not bind polyirC) (Swanson and Dreyfuss, 
1988a). 
' Data not shown. 

that the sequence, UUUUU, is an hnRNP CI high-affinity 
binding site. Importantly, they also demonstrate that hnRNP 
CI is a sequence-specific RNA-binding protein. Recently, an- 
other abundant hnRNP protein, hnRNP Al, was shown to bind 
RNA with sequence specificity (Burd and Dreyfuss, 1994) so it 
seems likely that this is a general property of hnRNP proteins, 
lb gain insight into the significance of the RNA-binding spec- 



iGcity of hnRNP CI, we compared the sequence of the hnRNP 
CI high afiinity binding site with the sequences of known pre- 
mRNA processing signals (e^, splice sites, polyadenylation sig- 
nals, etc.). The vertebrate 3 '-splice site consensus sequence 
(Mount, 1982; Ohshima and Gotoh, 1987) contains a loosely 
defined region, the polypyrimidine tract, that can potentially 
contain an hnRNP CI high-aflRnity binding site. In fact, hnRNP 
C1/C2 has been shown to preferentially bind in vitro pre-mRNA 
fi'agments containing this region (Swanson and Dreyfuss, 
1988b) and a monoclonal antibody to hnRNP C1/C2 inhibits in 
vitro pre-mRNA splicing (Choi et al,, 1986). Considering the 
affinity of hnRNP Cl for high-afiinity binding sites and its 
estimated nuclear concentration (approximately 10 pM (Kiled- 
jian et aL, 1994)), it is likely that hnRNP Cl competes with 
other polypyrimidine tract binding proteins, such as U2 
auxiliary factor (U2AF) (Zamore et al., 1992) and hnRNP 
l/polypyrimidine tract binding protein (Patton et al., 1991; 
Ghetti et aL, 1992; Bennet et aL, 1993), for binding to this site. 
The afiinity of U2AF for different d'-splice site regions ranges 
from 10-* to 10-* M (Zamore et al, 1992). A potentially signifi- 
cant property of hnRNP Cl and its RED derivative (as well as 
many other hnRNP proteins) is that they can promote the 
annealing of complementary RNA strands in vitro (Portman 
and Dreyfuss, 1994). This activity may reflect the ability of 
hnRNP Cl to influence interactions of other fran^-acting fac- 
tors with the RNA (Portman and Dreyfuss (1994) and refer- 
ences within) and could explain, at least in part, how multiple 
pre-mRNA binding factors with overlapping specificities can 
find high-afilnity binding sites even when already bound to 
another protein. These observations support the suggestion 
that hnRNP Cl participates in pre-mRNA splicing. 

Protein Determinants of hnRNP Cl RNA-binding Spec- 
ificity—Ammo acid sequence alignments of many RNP motif 
proteins suggested that the RBD of hnRNP C1/C2 extends from 
Lys® to Glu*^ (Dreyfuss et aL, 1988; Bandziulis et aL, 1989). Tb 
test this prediction, and to empirically delineate the RNA-bind- 
ing domain of hnRNP Cl, we tested the ability of in vitro 
produced full-length protein and carboxyl- and amino-terminal 
deletion mutants of hnRNP Cl to bind poly(rU) (Swanson and 
Dreyfuss. 1988a). This analysis (Fig. 2, A and B) revealed that 
carboxyl-terminal deletions to amino acid Lysg^ (K94) (Fig. 2, 
A94) do not significantly affect poly(rU) binding activity but 
removal of 9 more carboxyl-terminal amino adds abolishes 
binding (Fig. 2, AS5). Deletion of the first 5 amino-terminal 
amino adds also abolishes binding (Fig. 2, A6/94 ). As expected, 
the 203 carboxyl-terminal amino adds of hnRNP Cl do not 
exhibit RNA binding activity (Fig. 2, HA-l^l2Q0l Thus, the 
amino-terminal 94 amino adds are necessary and suffident for 
the poly(rU) binding activity of hnRNP Cl (see also Gorlach et 
aL (1992)). 

In order to more thoroughly characterize the RNA-binding 
properties of hnRNP Cl and its isolated RBD we performed gel 
mobility shift and filter-binding assays with a variety of RNA 
oligoribonucleotides containing high-affinity binding sites or 
other unrelated RNA sequences. For these experiments, 
hnRNP Cl, K94, and a sligjitly larger fi-agment of hnRNP Cl 
spanning amino adds 1-104 (M104; see Fig. 2B, A104, and Fig. 
4), were overexpressed in E, coli, purified, and used for the 
binding assays. Initial screening of the RNA binding activity of 
K94 and M104 toward a subset of in vitro selected oligonude- 
otides by gel-shift assays indicated that reducing the length of 
the RNA from 20 nucleotides to 14 or altering the sequences 
around the r{V\ minimal binding site did not significantly 
affect binding (data not shown). The affinities of all three 
polypeptides for CB2 (a 14-mer containing a central stretch of 
6 U-residues) are similar (Fig. 3 and I^ble I). Full-length 
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Fio. 2. DeUneation of the nriiiimal poly(rU)-l>iiiding domaixi of 
hnRNP CI. M vitro transcribed and translated fuU-lengU\ hnKNP CI 
and deiettonai rautatits thereof were bound to poly(rU) linked to Sepha- 
rose beads. In vitro translated input matenal (lanes Total) along with 
protein bound to the poly (rU)-Sepharose was separated on a 12.5% 
NaDodecylSO^-polyacrylaimde gel {lanes poly(rV)) and detected by 
fluorography. The lower half of Ute figure depicts the various deletional 
mutahts of hnRNP CI and their binding activity or the lack thereof 
(-) toward poly(rU). The numbers indicate the position of the last or tiie 
ftrst and the last, respectively, amino add included in the construct with 
respect to the aniino acid sequence of the full-length hnKNP CI protein. 
The boxes indicate the canonical RBt) of hnRNl? CI (BandziuU^ ei at, 
1989) with its m? 1 andlWP 2 consensus sequences {«ftfppterf 6ojces). 
O, designates the hem^lutlnin-tag sequence fused oiftto the d87/290 
mutant to achieve sluriidcint translatabilitiy 

hnRNP Cl has only a S-fold low<^r api)arcnt;?a (170 hm) for CB2 
than its RBD derivatives W[ld4 and KM (470 and 450 nw, 
respectively). However, there is a 30*fold difference in affinities 
between hnRNP 01 and its RBD constructs for the r(U)i4 oli- 
goribonucleotide (14 nM (ei) versus 400. nM (M104) and 630 mi 
(K94)). From these; experiments it appears that the binding 
activity of hnRNP 01 to an RNA with a single high-affmity 
binding site is faithfully reflected by its RBD derivatives (M104 
or K94) and the observation that the RBD derivatives do not 
disa-iminate between r(U)s (Le. CB2) and r(U)„ suggests a 
cooperative involvement of CQOH-tcrminal regions of hnlUNFP 
01 in binding, even though this region does not exhibit RNA 
binding activity (Fig. 2). Finally, the affinity of K94 for oUgo- 
r{U)8 in this assay {K^ = 5 ]m'> <3ata not shown) is very similar 
to the derived from our earlier NMR analysis of a K94-r(U)g 
complex (CSorlach et dl, 1992). 

A very interesting and unexpected result was obtained by 
comparing the binding activity of hnRNP 01 and its RBD de- 
rivatives to RNAs that do not contain high-affinity binding 
sites. Apparent dissociation constants were determined for the 
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Fic. 3. Binding of RNA oligonucleotide substrates by hnRNP 
01 and its RNA-bihding domain. Filter-binding assays were earned 
out and evalviated as described under "Materials and Methods* with 
(Ci ) hnRNP CI iind its RBD (itfimenc^^^ 

(K9i> 1-94, respectively. RNA oligonucleotides were: CB2 
(AGUA UOUUlJte UGGA)- r(U)„; containing 0-glo1>2VJ?- 

tron sequence (GAUC^CUllGimCAACAGAG). Filter^bbund RNA, 
normalized to saturation for each olijgorilicleotide is plotted as funcfioii 
of the respective ptotein concentration, corrected for the fraction of 
active protein. Cunm were fitted to average data points of at leastthrec 
independent binding experiments each. 

p-gl6bin intron-derived pli^ribonndeotide and for ollgo(*G)i4 
(Fig. 3). Under the conditions of this assay, HnRNP Gl and 
M104 do not bind these RNAs even when present at micromb^ 
lar concentrations, implying that the affinity of 01 and M 104 
for these ligands lies well above a of 10 pM. In contrast, KB4 
bound both RNAs with an affinity approximately equal to its 
affinity for CB2 or r(U)„ (Fig, 3; Table 1), Apparently, K94 has 
lost its ability to discriminate between different RNA sequences 
and amino acids Ala^ to Met^^^ (Fig. 4) are mainly responsible 
for this activity. The lack of binding by hnRNP Cl and M104 to 
the ^J-globin intron-derived and (rO)i4 oligoribonucleotidea is 
somewhat surprising because recent studies (Gonway et al. 
1988: Huang et ai, 1994) found that hnRNP 01-G2 tetramers 
bind a wide variety of RNA sequences. Direct comparison of 
these experiments, however, is complicated by the different 
conditions used in each study (tetrameric hnRNP Cl 02 com- 
plexes with RNAs up to several thousand nucleotides in length 
(Conway et dl 1988;. Huang et al , 1994) versus proteinrexcess 
binding experiments with short oligoribonudeotidiBS (ttiis 
study)). An interesting possibility is thai the RNA binding ac- 
tivity of hnRNP 01 is affected by hnRNP 02. 

The experiments described here, together with findings de- 
scribed for qiA and the U2B'' (Scherly et a/., I99da, 1990b; 
Jessen al., 1991). lead us to propose that the highly con- 
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DQBMIAQQVL DINLAABPKV NRQri^^^^MyQSVrS . HSSPgPLIi^gS 120 
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Pio 4 Amino acid sequence of hnRNP C1/C2. The amino acid sequence of the hnRNP C proteins CI and C2 is shown. The minimal M-amino 
add RNA-binding domain (K94; Wittekind et al, (1992) and Gfirlach et al, (1992)) is 6oxerf. The sequence apeciedly element (ammo aada 95- W4) 
of the RBD M104 is marked with the stippled box. The RNP 1 (underlined) and RNP 2 (hatched undeHined) conflensus sequences are shown. The 
13 amino add insert in hnROT C2 (Burd et al., 1989) is underlined with the stippled line. 
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served fia^^afi core structure of the hnRNP CI RBD consti- 
tutes a relatively nonsequence specific RNA-binding domain. 
In hnRNP Cl, the m£gor determinant of sequence-specific RNA 
binding resides immediately COOH-terminal to the minimal 
RBD. This idea is consistent with the results of experiments 
with other RNP motif proteins which also found that amino 
acids contiguous with, but outside of, RNP motif RBDs are 
important for RNA binding activity (Query et al , 1989; Burd et 
al., 1991; Scherly et al, 1991; CAceres and Krainer, 1993; Zuo 
and Manley, 1993). Furthermore, they support the idea that in 
the most variable regions of an RBD, the loops (Nagai et al., 
1990; Scherly et al , 1990a, 1990b; Jessen et al , 1991; Kenan et 
al 1991) and contiguous NHj and COOH termini, provide 
much of the spedficity of RNP motif RBDs. In this light, it is 
interesting to specidate that the 13-amino acid insert that dis- 
tinguishes hnRNP C2 from hnRNP Cl (Fig. 4) and begins after 
Gly^°^, could directly influence RNA binding. In addition, 
hnRNP A2 and Bl differ only by a small peptide insert imme- 
diately adjacent to their first RNP motif RBD (Burd et al„ 
1989). The model proposed here provides a rationale for how 
different members of this highly related class of proteins can 
specifically bind such diverse RNAligands, despite the fact that 
they contain such highly conserved platform elements that me- 
diate a large proportion of the RNA-protein interactions. 
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Abstract 

The poly(A)-binding protein (PABP) binds to the messenger (mRNA) 3'-poly(A) tail found on 
most eukaryotic mRNAs and together with the poly(A) tail has been implicated in governing the 
stability and the translation of mRNA. In order to further understand the role of the PABP in 
these processes, we have undertaken a detailed analysis of the cellular localization, the 
abundance, and the RNA-binding properties of the human PABP (hPABP). We raised 
monoclonal antibodies against the 70-kDa hPABP and confocal immunofluorescence 
microscopy with these antibodies reveals that it is localized exclusively to the cytoplasm. The 
hPABP exhibits a very low turnover rate in these cells and quantitative immunoblotting 
experiments demonstrated that growing HeLa cells contain a surprisingly high number of 
approximately 8x10^ PABP molecules per cell, which corresponds to an intracellular 
concentration of about 4 In an in vitro selection/amplification assay from random sequence 
oligonucleotide pools the hPABP selects oligo(rA)-rich sequences and it binds ohgo(rA)25 with 
an apparent Kd of 7 nM. The hPABP binds to unrelated RNA sequences with an about 100-fold 
lower affinity {Ka ^0.5 yM), The abundance of the hPABP indicates that there is an 
approximately three-fold excess of the protein over binding sites on cytoplasmic poly(A). This 
excess and the high concentration of the hPABP, which is three orders of magnitude above its Kd 
for oHgo(rA)25, suggest that the hPABP may bind to additional, lower affinity binding sites in 
vivo. 
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Wheat Germ Poly(A) Binding Protein Enhances the Binding Affinity of Eukaryotic 
Initiation Factor 4F and (iso)4F for Cap Analogues^ 
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Department of Chemistry of Hunter College of the City University of New York, 695 Park Avenue, New York. New York 10021 
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abstract: Most eukaryotic mRNAs contain a 5' cap (m'GpppX) and a 3' poly(A) tail to increase 
synergistically the translational efficiency. Recently, the poly(A) binding protein (PABP) and cap-binding 
protein, eIF-4F, were found to interact [Le et al. (1997) / Biol. Chem. 272, 16247-16255; Tarun and 
Sachs (1996) EMBO J. 15, 7 168-71 77]. These data suggest that PABP may exert its effect on translational 
efficiency either by increasing the formation of initiation factor-mRNA complex or by enhancing ribosome 
recycling. To investigate the functional consequences of these interactions, the fluorescent cap analogue, 
ant-m^GTP, which is an environmentally sensitive fluorescent probe [Ren and Goss (1996) Nucleic Acids 
Res. 24, 3629-3634] was used to investigate the cap-binding affinity. Our data show that the binding of 
eIF-(iso)4F or eIF-4F to cap analogue enhanced their binding affinity toward PABP approximately 40- 
fold. Similarly, the eIF-4F/PABP or eIF-(iso)4F/PABP complexes show a 40-fold enhancement of cap 
analogue binding as compared to eIF-4F or eIF-(iso)4F alone. At least part of the enhancement of the 
translational initiation by PABP can be accounted for by direct changes in cap-binding affinity. The 
interactions of these components also suggest a mechanism whereby the poly(A) tail is brought into close 
proximity with m^G cap. This effect was examined by fluorescence energy transfer, and it was determined 
that the PABP/eIF-4F complex could bind both poly(A) and 5' cap simultaneously. 



In most eukaryotes, mRNA is required to have both a 5' 
cap (m^GpppX)' and a poly(A) tail for efficient translation 
and message stability (/-<5). These two elements act 
synergistically to increase translational efficiency, and recent 
evidence suggests that they communicate during translation 
(7-P). The cap serves as the binding site for initiation 
factors eIF-4F and eIF-(iso)4F, an isozyme form of eIF-4F 
present in higher plants. The small subunit of eIF-4F (elF- 
4E) recognizes the cap structure. eIF-4F interacts with the 
poly(A) binding protein (PABP) through the 4G subunit, the 
larger subunit of eIF-4F or eIF-(iso)4F. The cap-associated 
proteins have a very high binding affinity (nM) for PABP 
in the absence of poly(A) in the wheat germ system (P) but 
require poly(A) in yeast (8). The synergistic effects on 
translational efficiency may result directly fi-om increased 
cap affinity of the complex, from efficient recycling of 
ribosomes, or from a combination of both of these mecha- 
nisms. Earlier work (P) has shown that PABP interaction 
with the cap-binding proteins enhanced the affinity for poly- 
(A). This leaves unanswered the question of how interactions 
at the 3' end of the mRNA increase translational efficiency. 
Does PABP also increase the affinity of initiation factors 
for the cap at the 5' terminus of mRNA, and if so, is the 
protein complex of PABP and elFs capable of binding both 
the cap and poly(A) simultaneously? Simultaneous binding 

^ This work was supported by grants from the National Science 
Foundation (GER-9023681 and MCB-9722907 to D.J.G). 

* To whom correspondence should be addressed. Tel: (212) 772- 
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of both ends of the mRNA is necessary if looping of the 
mRNA occurs and plays a role in enhancement of translation. 

To understand the mechanism of translational enhance- 
ment, we have investigated the binary and ternary interactions 
among the various proteins, m'G cap analogue, and poly- 
(A) using fluorescence spectroscopy. The data analysis 
quantitates the interactions of cap-associated proteins and 
PABP. These quantitative results have allowed us to 
determine the binding affinity of the cap-protein complex 
for PABP and the effects of PABP on the cap-binding affinity 
of eIF-4F and eIF-(iso)4F. PABP increased the cap-binding 
affinity of both proteins by approximately 40-fold. Further- 
more, fluorescence energy transfer experiments demonstrate 
that the protein complex is capable of binding both cap and 
poly(A) simultaneously. These results suggest the possibility 
of RNA looping as a means of translational enhancement 
and that the synergistic effect of PABP on protein synthesis 
can be accounted for at least partially by a direct effect on 
cap affinity of the initiation factors. 

EXPEMMENTAL PROCEDURES 

Materials, m^GTP was purchased from Sigma (St. Louis, 
MO). Nuclease P| and poly(A) were purchased from 
Pharmacia Biotech (Uppsala, Sweden). The synthesis of ant- 
m'GTP was carried out as described previously (10). The 
preparation of PABP followed the procedure of Le et al. (P) 
and Yang and Hunt (11), The elF-4F and eIF-(iso)4F were 
prepared as described elsewhere (72, 13). The concentration 
of ant-m^GTP was determined spectrophotometrically using 
an absorption coefficient of €332 = 4600 M"* cm"*. Poly- 
(A)3o was prepared by heating 10 mg of poly(A) in the 
presence of 21 units of Nuclease Pj at 37 ^'C, followed by 
phenol extraction, dialysis, and electrophoresis in 15% 
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polyacrylamide gel containing 6.0 M urea and a running 
buffer containing 0.09 M Tris-borate and 0.002 M EDTA. 
The gel was examined under UV light. The desired length 
of poly(A) was compared with oligonucleotide markers. The 
poly(A)3o was cut from the gel, and this gel slice was crushed 
and eluted with buffer containing 10 mM Tris, pH 8.0, and 
0.1 mM EDTA. The 3Mabeling of poly(A)3o followed the 
procedure of Odom et al. {14) with some modifications. All 
reactions were carried out in the dark. Oligonucleotide was 
oxidized at the 3' end by incubation with 0.09 M sodium 
periodate in 0.1 M sodium acetate, pH = 6.0, for 1 h at 37 
°C. The reaction was terminated by the addition of KCl. 
The KIO4 precipitate was removed by centrifiigation at 5000g 
at 4 °C for 10 min. The supemant was dialyzed against 0. 1 
M sodium acetate, pH 6.0, at 4 °C. The sample was 
incubated with 1 mM fluorescein thiosemicarbazide at 37 
°C for 2 h. At the end of the incubation, the sample was 
purified by Sephadex G-25 column chromatography. All 
samples were dialyzed against buffer A (25 mM Tris, 100 
mM KOAc, 1 mM CaCh, 1 mM DDT, 1 mM EDTA, 1 mM 
MgCb, pH = 7.6) and passed through a 0.22-/*m filter 
(Millipore, MA) before the spectroscopy measurements were 
performed. Protein concentrations were estimated by the 
method of Bradford (75) using a Bio-Rad protein assay 
reagent (Bio-Rad Laboratories, CA). 

Spectroscopy Measurements, Absorbance measurements 
were obtained using a Cary-3 double-beam UVA^IS spec- 
trophotometer. Fluorescence spectra were recorded on a 
Spex Fluorolog xi spectrofluorometer equipped with excita- 
tion and emission polarizers. All measurements were 
performed at 20 °C. For all equilibrium measurements, at 
least three titrations were performed, and for fluorescence 
energy transfer, three reproducible results were obtained. The 
variation in values for equilibrium constants from different 
titrations were within 6%. 

For measurements of protein— protein interactions, com- 
plex formation was studied by monitoring changes in intrinsic 
protein fluorescence. To maximize the signal, the excitation 
wavelength was chosen to be 265 nm and emission signal 
was detected with a cuton filter (50% transmission at 305 
nm). Since no emission monochromator was used, the 
fluorescence intensity change due to fluorescence polarization 
did not need to be considered. The signal was corrected for 
light scattering by measuring the buffer under the same 
conditions. The excitation band-pass was chosen to eliminate 
photobleaching, and the linearity of fluorescence intensity 
with protein concentration was determined. For each data 
point, three samples were prepared. The fluorescence 
intensity of a solution containing 100 nM PABP was 
measured. A second sample with a specific amount of cap- 
binding protein was also measured, and the corrected 
intensities of the two samples were summed together (Fs). 
A third sample containing the same amount of PABP and 
cap-binding protein mixed together was incubated at 20 ''C 
for 20 min, and the corrected fluorescence intensity for this 
complex was obtained (Fc). The difference in fluorescence 
intensity related to the complex was defined as AF = Fc — 
Fs. The details of the fitting are described elsewhere {16, 

For protein-nucleic acid interactions, the excitation 
wavelength for ant-m^GTP was 332 nm and emission was 
monitored at 420 nm. The excitation slits were chosen to 



avoid photobleaching, and the absorbance of the sample at 
the excitation wavelength was less than 0.02 to minimize 
the inner-filter effect. Emission spectra were corrected for 
wavelength-dependent lamp intensity and monochromator 
sensitivities. Steady-state fluorescence anisotropy was mea- 
sured using an L-format detection configuration. The 
excitation band-pass was 8.5 nm, and the emission band- 
pass was 17.0 nm. All samples were incubated at least 15 
min at 20 before data were collected. 

Phase-demodulation lifetime measurements were carried 
out using a 0.1% (w/w) glycogen suspension in water with 
a reference lifetime of 0.0 ns. The emission polarizer was 
placed at a magic angle (54°) to correct for the different 
sensitivities of the polarized light on the photomultiplier tube 
and the monochromator. 

To determine if energy transfer occurred between the cap- 
binding analogue and poly(A) when bound to the protein 
complex, 150 nM ant-m'GTP, 50 nM eIF-4F, 50 nM PABP, 
and 50 nM 3'-fluorescein-poly(A)3o were mixed together for 
complex formation with the absorbance at the excitation 
wavelength of less than 0.02. The fluorescence intensity 
(Fda) from 380 to 600 nm was recorded. Unlabled m^GTP 
and poly(A)3o were used as controls since they have almost 
identical binding affinity as compared with ant-m'GTP and 
3'-fluorescein-poly(A)3o, respectively. The fluorescence 
signal from donor (Fd) in the absence of acceptor was 
determined using 150 nM ant-m^GTP, 50 nM eIF-4F, 50 
nM PABP, and 50 nM poly(A)3o. The fluorescence signal 
fix)m acceptor (Fa) at this excitation wravelength was obtained 
using 150 nM m'GTP, 50 nM eIF-4F, 50 nM PABP, and 50 
nM 3'-fluorescein-poly(A)3o. Comparison of the spectra 
obtained from the mixture of both donor and acceptor with 
the spectra obtained from the sum of individual fluorescence 
intensities of controls allowed detection of fluorescence 
energy transfer. The spectral overiap integral, /, of the 
emission spectra of the donor and the absorption spectra of 
the acceptor was calculated according to 



/W6A(A)A^dA 
/Fd(A)A-2<U 



where Fd(A) is the fluorescence spectrum of the donor and 
€a(A) is the molar absorptivity of the acceptor on a 
wavelength scale A. The Forster distance, /?o, between two 
dyes was not calculated because fc^, a function of the relative 
orientation of the dyes, could not be measured directly and 
the orientation was unlikely to be random. 

Data Analysis. The equilibrium constant {K^) for the 
binding of ant-m^GTP with elFs 



is defined by 



elF + cap* [cap*'eIF] 



_ [cap^-elF] 
« [cap*][eIF] 



(1) 



where [elF], [cap*], and [cap*-eIF] are the equilibrium 
concentrations of the unbound protein, ant-m^GTP, and ant- 
m^GTP/protein complex, respectively. 
The fluorescence anisotropy, r, is defined as 
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/yy 2GIypj 



(2) 



where G is a factor that accounts for the polarization bias of 
the detection system: 

^HH 

where /hv and /hh are fluorescence intensity measured with 
horizontal excitation polarization and with the emission 
polarizer aligned either vertically or horizontally, respec- 
tively. 

In a mixture of elF and ant-m^GTP, the average anisotropy 
is related to the fraction of the total fluorophore that is bound 
(^)by 



(3) 



where R = Qt/Qt is the ratio of quantum yield of the bound 
and the free ant-m^GTP. r, rf, and are the anisotropy 
values of the mixture, the free ant-m^GTP, and the totally 
bound ant-m'GTP. It can be shown that the measured 
anisotropy is related to the total concentration of elF by 



l+a(/?-l) 



(4) 



where 



a = (/:icap*]T + ATeIF]T+ 1 



^(^[capnr + ^elFlT. + 1)^ - 4^^[cap*]x[eIF]T)/ 

2^cap*]T 

[cap*]T. [elFJi, and K were the total concentration of ant- 
m'GTP, protein, and the equilibrium association constant, 
respectively. 

Multifrequency phase and modulation data were analyzed 
by fitting to a sum of exponentials using the Globals 
Unlimited program (Urbana, IL). 

The measurement of relative quantum yield, Q, of fluo- 
rophore was calculated by comparison to a standard whose 
quantum yield is known {IS): 



/A 



where x represents the unknown species, s represents the 
standard, / is the integrated amount of fluorescence, and A 
is the absorbance at the excitation wavelength. Disodium 
fluorescein in 0.01 N NaOH, Q = 0.92 (/P), was used as a 
standard. 

RESULTS 

Recently, the binding affinities of cap-associated proteins, 
eIF-4F, eIF-(iso)4F, and eIF-4B, for PABP were determined 
(P). The data showed the dissociation constants (Kd) were 
less than 40 nM for eIF-4F and eIF-(iso)4F. For eIF-4B, 
the Kd was approximately 15 nM. To determine the binding 
affinities quantitatively, more dilute protein solutions were 
used. A cuton filter (50% transmission at 305 nm) was used 




elF-(iso)4F orelF^F(nM) 

Figure I: Solution of 100 nM PABP was titrated with purified 
elF-(iso)4F (circles) and elF-4F (triangles). The difference between 
the fluorescence intensities for the combined proteins and the sum 
of fluorescence intensities of the individual proteins was plotted 
as a function of the concentration of eIF-(iso)4F or eIF-4F. 

Table 1 

interactions Ki'' QiM) KtjnM) KjjnM) K^jjuM) 

ant-m^GTP/elF- 8.93 ± 1.04 4.3 ± 1.9 0.099 ± 0.045 0.21 ± 0.09 
(iso)4F/PABP 

ant-m^GTP/elF- 4.69 ±0.33 9.1 ±4.1 0.23 ± 0.05 0.12 ±0.06 

4F/PABP 

" K represents the dissociation constant. See Scheme 1 for detail of 

interactions. 



Scheme 1 



elF 



CapVcDF 
+ 

PABP 



^3 



Cap* 



Cttp*/elF/PABP 



in place of an emission monochromator to monitor the 
fluorescence signal. The titration curve in Figure 1 shows 
the difference in fluorescence intensity between the protein- 
protein complex and the sum of individual fluorescence 
intensities. The binding curve extrapolates to 1:1 stoichi- 
ometry for the two proteins. As a further control, BSA was 
used to test for nonspecific binding. The fluorescence signal 
did not show significant change upon addition of BSA (data 
not shown). The Kd values obtained from data fitting of three 
curves for the two cap-binding proteins, eIF-4F and elF- 
(iso)4F, interacting with PABP are shown in Table 1 (^^2 in 
Table 1 and Scheme 1). The initiation factor, eIF-4A, which 
does not bind to the cap region showed no interaction with 
PABP as reported earlier (P). 

The fluorescence intensity and maximum emission wave- 
length of the cap analogue, ant-m'GTP, increased when 
bound to eIF-4F or eIF-(iso)4F (10). The corrected fluo- 
rescence spectra for this free cap analogue showed an 
excitation maximum at 332 nm and emission maximum at 
420 nm {10). The anisotropy ranged from 0.03 for unbound 
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Figure 2: Titration of ant-m'GTP with eIF-4F (triangles) and elF- 
(iso)4F (squares). Titrations were performed in buffer A. Concen- 
tration of ant-m'GTP was 0.3 fiM, Complex formation was 
monitored by steady-state anisotropy. The solid line presents the 
best fit of the data to eq 4. 

fluorophore to 0.12 for ant-m'GTP/eIF-(iso)4F (Figure 2). 
The ant-m''GTP/eIF-4F complex had an anisotropy value of 
0.16. By fitting the data according to eq 4, the KiX values 
(Kx in Table 1 and Scheme 1) were calculated to be 8.93 ± 
1.04 fiU for ant-m7GTP/eIF.(iso)4F and 4,69 ± 0.07 piM 
for ant-m''GTP/eIF-4F (Figure 2). These data are similar to 
those obtained for m'GpppG binding (20), v/hich is consistent 
with the fact that most nucleotide-binding proteins are 
sensitive to structural variations in the purine ring, but 
modifications of the ribose moiety have little effect on 
binding affinity (21-23). The characteristic anisotropy of 
the ant-m'GTP/eIF-4F complex was higher than that of the 
ant-m^GTP/eIF-(iso)4F complex because the eIF-4F has the 
almost twice the molecular weight of eIF-(iso)4F (246 kDa 
as compared to 114 kDa) while the fluorescence lifetimes 
of the complexes were similar. The observed steady-state 
anisotropy depends on the correlation time (^c) of the 
fluorophore and its lifetime (24). Free ant-m'^GTP has a 
fluorescence excited-state lifetime of 2.0 ns (Figure 3). 
Lifetime measurements on the ant-m'GTP/eIF-(iso)4F showed 
a longer lifetime of 6.8 ns attributable to the protein complex. 
The ant-m^GTP/eIF-4F complex has a shorter lifetime of 5.0 
ns. The fluorescence enhancement and longer lifetime of 
the protein-bound form of ant-m'GTP may be due to the 
formation of hydrogen bond(s), which stabilize its charge- 
transfer excited state, or the cap-binding pocket may be a 
more hydrophobic region (25). The recent X-ray crystal 
structure of murine eIF-4E (26) indicates that 7-methyl G 
recognition is mediated by the guanosine base interaction 
between two conserved tryptophans plus formation of three 
hydrogen bonds and a van der Waals interaction between 
its N-7 methyl group and a third conserved tryptophan. The 
ribose of the cap is located in a hydrophobic region, which 
may allow the nonprotonated chromophore of the ant-m'- 
GTP to enter the binding pocket. Stabilization of the polar 
excited state would result in a longer lifetime. 

It has been previously reported (7) that eIF-(iso)4F, elF- 
4F, and eIF-4B bound to the mRNA poly(A) tail. The size 
of the binding sites of eIF-4F and eIF-4B were estimated to 
be 25 bases in a buffer containing 150 mM KCl (27). From 
the packing density measurement, PABP was also found to 
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Frequency (MHz) 

Figure 3: Phase and modulation values as a function of frequency 
for ant-m'GTP bound to eIF-(iso)4F. ant-m^GTP alone (triangles): 
The solid line was fitted as a one-exponential decay with a lifetime 
of 2.0 ns. ant-m'GTP and eIF-(iso)4F (squares): The solid line 
corresponds to a two-exponential component fit of the data with 
lifetimes ri = 1.98 ns and T2 = 6.93 ns having a fractional amplitude 
/, = 0.513 and/2 = 0.487. ant-m'GTP and eIF-4F (circles): The 
solid line represents ti = 2.01 ns and T2 = 5.04 ns having a fraction 
amplitude /i = 0.404 and/2 = 0.596. 




350 370 390 410 430 450 470 490 510 530 550 

Wavelength (nm) 

Figure 4: Spectral overlap of absorption spectrum (thick line) of 
3'-fluorescein-poly(A)3o and emission spectrum (thin line) of ant- 
m'GTP in the buffer A. For presentation, absorbance and fluores- 
cence were normalized to have the same maximum values. 

bind 25 A residues per molecule (28). To determine whether 
the cap and poly(A) tail were bound to separate sites on this 
protein complex, energy transfer experiments were per- 
formed. The fluorescence probe, fluorescein, was attached 
to the 3' end of poly(A)3o. The spectral overlap between 
fluorescence emission of ant-m^GTP and absorbance of 
fluorescein labeled poly(A) (Figure 4) allowed fluorescence 
energy transfer to be monitored. Titration of 3'-fluorescein- 
poly(A)3o with eIF-4F and PABP showed no significant 
fluorescence intensity changes, but an anisotropy change was 
observed indicating formation of a nucleic acid— protein 
complex. As a control, m^GTP and unlabeled poly(A)3o were 
used. Figure 5 shows the spectrum obtained from the com- 
plex, ant-m'GTP/eIF-4F/PABP/3'-fluorescein-poly(A)3o and 
the spectrum from the sum of the spectra for m^GTP/elF- 
4F/PABP/3'-fluorescein-poly(A)3o and ant-m^GTP/eIF-4F/ 
PABP/poly(A)3o. Essentially the same results were obtained 
with three different experiments using two different PABP 
preparations. The fluorescence quenching at 420 nm and 
enhancement at 510 nm demonstrated that eIF-4F/PABP 
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Figure 5: Fluorescence energy transfer. The solid line is the 
measured fluorescence intensity of ant-m'GTP/eIF-4F/PABP/3'- 
fIuorescein-poly(A)3o. The broken line is the sum of the fluorescence 
spectra for m'GTP/eIF-4F/PABP/3'-fluorescein-poly(A)3o and ant- 
m'GTP/eIF-4F/PABP/poly(A)3o, The increase in acceptor fluores- 
cence at 510 nm and corresponding decrease in fluorescence at 
420 nm indicates energy transfer between the cap and poly(A) tail. 
The concentration used for ant-m'GTP (m'GTF), eIF-4F, PABP, 
and 3'-fluorescein-poly(A)3o (poly(A)3o) were 150, 50, 50, and 50 
nM, respectively. 
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Figure 6: Corrected fluorescence emission spectra of 25 nM ant- 
m'GTP (pH 7.5) (a) ant-m'GTP alone, (b) +0.4 fiU PABP, (c) 
+0.02 fiU eIF-(iso)4F, (d) +0.02 fiM eIF-(iso)4F and O.OI fM 
PABP, (e) +1.5 fiM eIF.(iso)4F, and(0 +1.5/iM eIF-(iso)4F and 
25 fM PABP. All samples were excited at 332 nm. 

bound both fluorescent cap analogue and fluorescent poly- 
(A) simultaneously. At these concentrations, the two proteins 
will be present almost entirely as a complex. The cap ana- 
logue, however, will have some fluorophore unbound. This 
may partially explain the efficiency of the energy transfer. 

For ternary ant-m'GTP/eIF-(iso)4F/PABP and ant-m'GTP/ 
eIF-4F/PABP studies, steady-state fluorescence spectra were 
examined. Figure 6 shows the emission spectra of different 
ant-m^GTP complexes excited at 332 nm. The ant-m^GTP, 
when excited at 332 nm, shows a maximum fluorescence 
intensity at 420 nm. Upon addition of PABP, no fluores- 
cence intensity change was observed, indicating that no 
interaction between this cap analogue and PABP occurred. 
This result was confirmed using anisotropy and lifetime 
measurements (data not shown), which also do not show any 
change upon addition of PABP. Fluorescence intensity was 
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enhanced and the emission wavelength maximum shifted 
when eIF-(iso)4F was added to the cap analogue. Under 
conditions where concentrations of eIF-(iso)4F and PABP 
are larger than the concentration of cap analogue, no 
significant fluorescence intensity difference between cap 
analog/elF complex and cap analog/elFs/PABP complex was 
observed. The lifetime analysis on this ternary system could 
be fitted as two-exponential decay with the same results as 
ant-m^GTP/eIF-(iso)4F system (one short lifetime for ant- 
m'GTP and a longer lifetime for the protein complex). 
Similar results were obtained for the cap analog/eIF-4F/ 
PABP complex. This suggested that the microenvironment 
of the cap analogue was similar in the cap analog/elF and 
the cap analog/elF/PABP complexes. 

A typical binding isotherm can be developed as described 
elsewhere (29). For a simple binary reaction: 

cap* +" elF cap*-eIF 

l+/q:eIF] 

[elF] = (-(1 + ^cap*]T - Kle^h) + 

7(1 + ^cap*]x - ^eIF]-r)^ + 4^eIF]T)/2^ 

Equation 5 can be solved for association constant (AT) and 
where cap*, elF, and cap**eIF are free fluorescent ant-m'- 
GTP, cap-binding protein, and ant-m'GTP/elF complex, 
respectively. [cap*]T and [elF]T are the total concentrations 
of ant-m'^GTP and protein, respectively. F is the measured 
value of the fluorescence intensity at any point in the titration; 
Fq and Fi are the fluorescence intensities at the start and at 
the end of the titration. Thus, K can be obtained by fitting 
the experimental data using nonlinear regression analysis. 
In principle, any one point will give a K value if the initial 
and final points are known, there is therefore considerable 
redundancy in the data fitting. 

For the ternary system, the fluorescence data were treated 
analogously. Binding of elFs to PABP in the presence of 
cap analogue can be described as shown in Scheme 1 . From 
our previous data, PABP does not bind to the cap analogue 
under these conditions, and Ki are dissociation constants 
for ant-m'GTP/elF and elF/PABP, respectively. ^3 and Ka 
are dissociation constants for cap analogue/elFs to PABP 
and elFs/PABP to cap analogue, respectively. Thermody- 
namically , KiK-^ = KiKa. In accordance with Scheme 1 , the 
apparent association constant (/Tap?) is derived as follows: 

([cap*-eIF]) + (F2/F3)[cap*'eIF'PABP] 
^'^PP " [cap*]([eIF] + [elF-PABP]) 

([cap*-eIF]) + (F2/F3)[cap*'eIF-PABPl 

[cap*][eIF] 

[cap*]([eIF] + [elF'PABP]) 
[cap*][eIF] 

^ (\/K,) + (F,/F3)(1/^,)(1//^3)[PABP] 

i+(i//:2)[PABP] 

where [PABP] was the concentration of free PABP and F2 
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Figure 7: Binding of eIF-(iso)4F (triangles) or eIF-4F (circles) to 
PABP and ant-m'GTP. Concentrations of ant-m^GTP and PABP 
were 25 nM and 20 /jM, respectively. The solid line represents the 
best fit to eq 5, Excitation was at 332 nm, and fluorescence emission 
was integrated from 400 to 500 nm. 

and are fluorescence intensities (integrated from 400 to 
500 nm) of ant-m'GTP/elF and ant-m^GTP/elF/PABP com- 
plexes, respectively. Under conditions where [PABP] » 
[cap*] and [PABP] » [elFs], [PABP] = [PABP]t, where 
[PABP]t was the total concentration of PABP. This equation 
has only one variable, ^3 or K4. Titration curves where 25 
nM ant-m'GTP and 20 fiM PABP were titrated with elF- 
(iso)4F or eIF-4F are shown in Figure 7. The solid line 
represents the best fit of the data for eq 5. The K^^p value 
obtained was (5.02 ± 0.12) x 10^ M~' and (8.13 ± 0.24) x 
10^ for ternary cap ant-m^GTP/eIF-(iso)4F/PABP and 
ant-m'GTP/eIF-4F/PABP system, respectively. Theoreti- 
cally, from eq 6, /Tapp is a function of [PABP]. By changing 
the concentration of PABP, we could solve for all of the 
values in Scheme 1 by nonlinear regression analysis without 
individual binding measurements. However, limitations on 
the amount of protein needed made this impractical. The 
fitted values ofK^ for PABP dissociation from ant-m'GTP/ 
elF/PABP complexes were in the nanomolar range, while 
values of for ant-m'^GTP dissociation from the ant-m'- 
GTP/elF/PABP complexes were in the micromolar range. 
Increasing the concentration of PABP 2-fold did not alter 
i^app significantly (data not shown). This result was reason- 
able considering the K\ and Ki values obtained from separate 
titrations since any concentration of PABP used in the 
micromolar range will be canceled out in eq 6. The exact 
values of for eIF-(iso)4F and eIF-4F are summarized 
in Table 1. The presence of cap analogue enhances the 
binding elF to PABP approximately 40-fold. The binding 
affinities of the elF/PABP complexes to cap analogue were 
enhanced approximately 40-fold as compared to the affinity 
of cap-binding proteins alone. The two cap-binding proteins, 
eIF-4F and eIF-(iso)4F behaved very similarly. In both 
cases, the presence of PABP enhanced cap-binding affinity 
and the presence of the cap-enhanced protein complex 
formation. 

DISCUSSION 

PABP has known RNA binding motifs, but here we have 
demonstrated protein-protein interactions as well as the 




Figure 8: Schematic diagram for the interaction of ant-m*'GTP, 
eIF-4F, and PABP. The cIF-4F is presented as two subunits, elF- 
4G and elF-4E. 



effects of these interactions on cap-binding affinity. PABP 
has been shown to influence translation, but the mechanism 
is unclear. Direct fluorescence titrations demonstrated that 
the interaction of PABP with eIF-4F and eIF-(iso)4F increase 
the cap binding affinity by an order of magnitude. 

Fluorescence energy transfer studies on these cap-binding 
proteins/PABP complex indicate that they have different 
binding sites for the 5' cap and 3' poly(A) tail. Even though 
cap analogue binds to eIF-4F or eIF-(iso)4F with a Kd 
of 4-9 ^M, in the presence of PABP, cap binding is 
enhanced 40-fold. Similarly, cap bound to cap-binding 
protein will enhance the binding to PABP. Since cap 
analogues have been demonstrated by CD analysis to induce 
a conformational change in eIF-(iso)4F (30), this may explain 
the higher affinity of cap-elF for PABP. The data presented 
here support a model where eIF-4F, PABP, and cap are 
involved in formation of an RNA complex, which is 
summarized in Figure 8. The model shows the microenvi- 
ronment of the cap to be similar in the ant-m^GTP/eIF-4F 
and ant-m^GTP/eIF-4F/PABP complexes, since no signifi- 
cant change in fluorescence intensity or lifetime measure- 
ments occurred. The binding of cap to eIF-4F results in 
conformational changes in eIF-4F, which subsequently 
enhance the binding to PABP. eIF-4F bound to PABP may 
have a conformation change in order to bring the nonpolar 
domains together, which would subsequently enhance cap 
binding. 

The fact that PABP enhances the affinity of eIF-4F or elF- 
(iso)4F for the cap analogue is an interesting observation in 
light of fact that PABP interacts with the 4G subunit (8, 9) 
and not directly with the cap-binding subunit, 4E. These 
results suggest that a conformational change is propagated 
through the 4G subunit to the cap binding subunit, 4E. 
Enhancement of translation by PABP may be at least partially 
accounted for by a direct effect on the cap affinity. 
Additional enhancement may occur through a mechanism 
whereby the 5' and 3' ends of mRNA interact and ribosomes 
are more readily recycled. 
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